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CHAPTER I
OCEAN ENGINEERING SYSTEMS
EPIGRAMS
A tre system has components which exceed the comprehension
of any single man,

System desdign is very different from component design--most
engdineens are thained fo design components.

The greatest system catastrophes occuwr when one sybsystem fails
Lo cperate at all.

The gheatesi sysitem costs are incwvred when one subsystem is
not defivered on time.

If a thing {5 worth doing, it is wonth doing badly.
If a thing is not wonrth doing, it {4 not worth doing well.

Ocean Engineering Systems

A subject as broad as ocean engineering systems must have a focus
and structure if generalized principles of ocean systems design and
management are to be adduced. At the outset, some generalized under-
standing should be reached of what is meant by an ocean engineering
system and what makes it distinct and unique from other systems. The
oconcepts of system, subsystem and component need also to be initially
defined in a formal and precise manner. Generalized parameters such as
"ocomplexity" and "magnitude” are certainly two qualitative characteris-
tics which most people would identify as being common to a system, but
generalized criteria, while permitting us to identify some systems which
have already been established or which are contemplated, will not suffice

for a more rigorous treatment.



The differentiation between ocean systems and land systems is also
a difficult cne to make since alnost all of the major logistic systems
of man involve both land- and marine-oriented activities. For example,
international air transportation is heavily dependent upon the movement
of aviation fuels by tanker, since the movement of cargo by air is
essentially a tradeoff between high cost per unit commeroe items of
trade, such as people, and low-cost bulk products, such as petroleun.
This tradeoff utilizes the slow movement of petroleum to permit the
subsequent rapid movement of high-value items of cammerce. Qur differ-
entiation between land and sea systems is, therefore, somewhat arbi-
trary and will depend heavily upon the extent to which the design of
the total system is constrained by the characteristics of the sea, the
sea/air interface, and the sea/land interface. For illustrative pur-
poses, a mmber of real or possible ocean systems are here enumerated.
This enumeration is made pedagogically in order to permit students to
have an array of altematives and choices for subsequent study and to
demonstrate the kind of subjective human purposes which are, or can be,
fulfilled by a sea~based system. Thirty-six sea systems are chosen for
exposition, as follows:

1. TFisheries System A. Objective: search, location, retrieval,

processing and delivery to market of specific fish products gar-
nered from the open ocean beyond the twelve-mile limit.

2. TFisheries System B. Chbjective: search, location, retrieval,

processing and delivery o market of demersal or sedentary marine

life garnered from the open ocean within the twelve-mile limit.



Fisheries System C. Objective: the selective breeding, tracking,

trailing, and protection of fish species which spawn and return
to coastal waters and which grow on the high seas together with
the harvest and processing of such species.

Fisheries System D. Objective: the mariculture of sedentary or

demersal marine life, the harvest, processing, and delivery, cn
the continental shelf.

Desalininization Systems. Objective: the collection, desaliniza-

tion, and distribution of fresh water, and disposal of brine ocean
water, in sufficient quantities that the total local ecological
balance is altered.

Hard Mineral Recovery System A. Ubjective: the recovery, proces-—

sing and delivery to market of specific minerals fraom geologic
deposits on the contirental shelf in selected areas of the world,
for selected United States or world markets.

Hard Mineral Recovery System B, Objective: recovery, processing

and delivery to market of specific minerals from geclogic deposits
in the deep ocean in selected areas of the world for selected
United States or world markets.

Extraction of Minerals from Brine. Objective: the collecticn,

extraction, and distribution of minerals from salts dissolved in

sea water.

0il Recovery System A. Objective: the recovery, processing and

delivery to market of offshore oil located in the geologic struc-
tures of the contirnental shelf in selected areas of the world for

selected United States or world markets.



10.

11.

12.

13.

14,

15.

16.

0il Recovery System B. Objective: the recovery, processing and

delivery to market of offshore oil located in the geologic struc-
tures of the deep ocean (greater than 6000 feet) in selected
areas of the world for selected United States markets.

Bulk Transportation. Objective: the collection, transport and

distribution of diversified bulk cargoes in either international
or domestic trade.

Containerized Transport Systems. Objective: the collection,

transport and distribution of containerized cargoes in either
international or domestic trade.

Air Transportation System., Objective: the construction and

deployment of airfields in the ocean in the vicinity of urban cen-
ters, together with means for the support of aircraft and receipt
and delivery of passengers to appropriate destinations.

International Aid System A. Objective: the collection and dis-

tribution of wheat, grains, proteins, or other products required
on a fluctuating basis for purposes of intermaticnal aid.

Tnternational Aid System B. OCbjective: the use of sea-based

educational facilities, hospital ships, marine academies, techno-
logical institutions for specialized education, in developing
countries on a rotating or seriatim basis.

Urban Renewal Systems. Objective: a modification and utilization

of port harbor facilities and adjacent waters for urban renewal

for cities with populations of not less than one million.
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18.

18.

20.

21.

22.

23.

Disaster Relief Systems. Objective: the identification of major

disaster areas accessible to the sea and the deployment of sea-—
based task forces for temporary or long-term establishment of
rechanisms for economic and social viability in the disaster areas.

Pollution Control System A. Objective: the identification of

pollution sources fram distressed ships or structures on the
high seas and the deployment and operation of devices to contain
the pollutants and to control the source.

Pollution Control System B, Objective: systems for collection,

transport, and dispersal of specific wastes in the ocean without
detriment to the ocean environment.

Harbor and Coastline Protection. Objective: the maintenance

and construction of shoreline facilities to ensure the continued
effective configuration of harbor and shoreline for purposes of
commerce, conservation and recreation.

Weather Forecast and Control System. Objective: the acguisition

and analysis of data and operational measures to forecast weather
primarily generated by oceanic phenomena and to contrel such
weather,

Recreation System A, Objective: the receipt, transport, and

provision of facilities, instruction, demonstration, and assurance
of safety for persons desiring to obtain recreation at the free
surface, or within ten feet of the free surface, of the sea.

Recreation System B, Objective: the receipt, transport, and

provision of facilities, instruction, demonstration, and assurance

of safety for persons desiring to cbtain recreation in atmospheric



24,

25.

26.

27.

28.

29,

30.

pressure facilities below the free surface to depths of several
thousand feet.

Recreation System C. Objective: the receipt, transport, and

provision of facilities, instruction, demonstration, and assur-
ance of safety for persons desiring to obtain recreation at hyper-
baric pressures below the free surface to depths of several
hundred feet.

Anphibious Assault Systems. Objective: the capability to deploy

and support men and equipment, and transfer them across essentially
arbitrary configurations of coastline in the face of active and
hostile measures to prevent such transfer.

Fast Logistic Deployment. OCbjective: the capability to identify

and respond to needs for deployment of specified complements of
nmen and equipment from the continental United States to arbitrary
locations in the world.

Antisubmarine Warfare System A. Objective: the location and

defense against submarines engaged in active attack on merchant
shipping and/or other military vehicles.

Antisubmarine Warfare System B. CbJjective: the search, location,

and tracking of ballistic missile submarines.

Strategic Deterrence System A. Objective: the deployment of

weapons on the surface of the ocean to provide credible threat of
assured retaliation to some postulated aggressive action.

Strategic Deterrence System B. Objective: the deployment of

weapons under the surface of the ocean, or near or on the bottom

of the sea, to provide credible threat of assured retaliation to



31.

32.

33.

34.

35.

36.

same postulated aggressive action.

Intelligence Collectians System, Objective: the capability to

collect, monitor, and retransmit electronic intelligence, utili-
zing components which are sea-based.

Harbor Protection. Objectiwve: the assurance that harbors and

approaches to harbors are free from mines or other military
abstructions, and that mines are detected, identified, and nulli-
fied as they are inserted or as insertion is attempted.

Search and Rescue System A. Objective: the search, location and

recovery of mariners in distress on the surface of the ocean and

the salvage of their equipment.

Search and Rescue System B. Objectiwve: the search, location and

recovery of mariners in distress in submersibles, and the salvage
of their equipment.

Search and Rescue System C. Objective: the search, location and

recovery of aguanauts, scuba divers, and swimmers in distress
in water depths up to 1000 feet.

Arms Control Inspection System., Objective: the location, inspec-

tion, and confirmation of activities on the ocean bottom, within
the ocean, or on the surface of the ocean, believed to be in

violation of a specified arms control agreement,

This list, while not all-inclusive nor specified in other than the

broadest terms, is an example of the spectrum of subjective human pur-

poses for which major sea systems have been built or have been contem-

plated.



System Definition

In order for systems of scope and complexity to became realized fact,
in cne way or another, design teams consisting of individuals with in-
tegrated knowledge of the technology required for successful construc-
tion of the system must be assenbled. These design teams must be coor-
dinated and the results of their efforts must be transmitted to artisans,
craftsmen, surveyors, lawyers, teachers, and other individuals concerned
with the system who possess an actual responsibility for actions which
nmust be taken before the sea system can became a reality. A major and
central problem in the design, development and construction of a system
is, therefore, the camunication with, and coordination of, this tremen-
dously large mmber of individuals and the efficient use of their skills
and talents in order that the system be produced with a minimum expendi-
ture of human resource, and in order that the system perform in the manner
which is intended.

Many techniques have been devised for the management of large sys-
tems and many differing social structures have been involved. The most
controlled and/or regimented approaches have been taken by the Department
of Defense. The most permissive have probably been undertaken by the
University. In retrospect, it must be said that the degree of success
has been unpredictable. The author has been associated with a program
that many have classified as successful (i.e., the Polaris-Fleet
Ballistic Missile Program). An attempt is therefore made to distill
from this program what may have been an ingredient of success. This
ingredient is identified as the management of information transfer be-

tween the elements of the society which will design, produce and deploy
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the system.

¥or an otherwise perfectly organized comumnity of individuals,
the limiting factor in systems design and development capability is
therefore deemed to arise from the limitation of a human being in
processing or comprehending the total information which is required
to design, produce, and operate the system. It is this recognition
that leads to the definition chosen for an engineering system:

A. 2An engineering system is an identifiable set or collection
of mechanical devices and trained individuals, designed and/or trained
to gperate in concert to fulfill a subjective human purpose, and of
sufficient complexity that it is irpossible or impractical to inter-
relate, cross-coordinate, or cross-correlate the design or training
of subsets of the collection.

B. 2An engineering component is an identifiable set or collection
of mechanical devices and trained individuals such that a single indi-
vidual, or & single management wunit of individuals having nearly con-
tinuous communication capability, can have, or does have, full know-
ledge of the design, fabrication, and operation of the collection of
devices and/or the indoctrination, training, and employment of the
individuals wnder his purview.

It should be noted that these definitions admit of a hierarchy of
systems and subsystems and, in fact, hierarchies of camponents. Sys-~
tems hierarchy results from subsystem characteristics; that is, the
subsystems of a major system can be sufficiently complex that it is
impossible or impractical to interrelate or cross-ooordinate or cross-

correlate the designing or training of sub-subsets of the collection,
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Camponent hierarchy results from a different viewpoint, mainly that
of utilizing "black boxes" or "service organizations" as part of the
total camponent. If a "black box" can be opbtained for which all of
the relevant functicnal characteristics are known and all of the
relevant interfaces are specified, then, regardless of the complexity
of the contents of the "black box," a systems designer or ranager may
treat that "black box" as a component. This also can be applied to
services of service organizations where the service to be rendered is
clearly specified or specifiable in terms of function and in terms of
interface with other elements of the collection. It must be emphasized
that a "black box" or "service organization” cammot be treated as a
component unless it has been previously produced by the society, and
its characteristics clearly demonstrated, as well as its ability to be
replicated.

Employing these definitions may result in some initial difficulty
with the term “subjective human purpose.” This difficulty generally
stems from a failure to recognize that even systems whose major charac-
teristics have been quantized and specified by detailed cost-effective-
ness analysis are, in fact, chosen because they were most cost effective
for some more generally specified subjective human purpose. FOr
example, 1f one were desianing a space system to make voyages to the
moon, and only the moon, the most cost-effective system for this mission
would be very different from the most cost-effective solution for a
space system which was designed for the miltiple missions of voyage

to the moon with subsequent voyage to Mars.
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Information Management

Of greater difficulty in utilizing the systematic definitions is
the necessity for quantizing, at least generally, the actual limita-
tions on human information processing, the scope of the manager's
knowledge and the resulting determination that one is dealing with a
system or with a camponent.

In an overly-simplified model, each individual is deemed to have
a set of loosely-defined information which will be employed in issuing
action items with respect to the design, construction, maintenance,
and operation of the system. This information we will call "relevant
knowledge.” It will be convenient to further subdivide this set of
"relevant knowledge" into input and output sets. The input set con-
sists of the knowledge which the individual has received in the form
of audic, visual, and tactile inputs. The output set consists of the
knowledge which the individual has generated by logic processes in his
brain and which is available for output in terms of werbal, graphic,
or tactile presentation. Because of the characteristics of human
beings, the output set for amy individual will be very, very much larger
than the set of information which he is, in fact, able to reveal in
the form of verbal, graphic, or tactile outputs. This knowledge is,
nevertheless, available in his brain in a "staff reserwoir” from which
specific output can be selected in an adaptive manner for the design,
development, or operation of the system. The failure to recognize this
fact has frequently resulted in the erroneous notion that all of the

relevant information for the design, development, and maintenance of
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a complex system can be transferred and stored in computer memories;
thereby relieving the individual of further need for adaptive response
during the design, construction, and operation phases.

In order to identify and quantify this "relevant knowledqge,"” the
set of knowledge will be measured by an empirical measure which will
be called the "page." The limits of human processing, in temms of
this unit, are shown in Figure 1-1. Insofar as inputs are concerned,
the human being receives his input either by reading pages of material,
by listening to the spoken word, or by visual dbservation, Or by same
combination of the three, and, in rare instances, by tactile impres-
sicns. The spoken word can be reduced to a page equivalent, if it is
presured that it transmits information at approximately the same page
rate if the words were transcribed by dictaphone and subsequently
reassembled. Of greater difficulty is quantification of the abserva-
tion, and it will be presumed that the amount of cbservational informa-
tion which a human being can absorb in a given time period is roughly
the same as the amount of information he would obtain if he were to
leaf through photographs of the same situation and, further, that the
quantity of information cn a photograph which is " leafed through" is
crudely equivalent to the amount of information on a printed page. AS
we shall see, the crudity of these empirical measures of "pages" will
not affect the final outcame in the decision process as to whether one
has, or has not, a system with which to deal. Indeed, it is for this
reason that the "page" is chosen as the unit of knowledge, rather than
some more escteric, precise, ard misleading (though technically correct)

wnit of information theory. Granting these crude equivalents, it is
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now possible to make estimates of the upper limits of human knowledge
processing. Insofar as input is concerned, if a person sits in confer-
ence all day, the average daily transcript will run about three hundred
pages. If, on the other hand, an individual spends the entire day
reading material of modest or moderate intellectual content, then he
will be able to absorb about one thousand pages as a reasonable upper
limit. Speed readers may wish to quarrel with this estimate, but they
will certainly not quarrel with the assumption that it is not off by
rmore than one order of magnitude, which, on the scale of information
required to build a system, becomes a very small change in lewvel,

In a similar manner, one can estimate lewvels of output. If an
individual utilized the entire day for purposes of lecture ; the average
daily transcript will again run about three hundred pages. If, on the
other hand, an individual spends the entire day generating written
material (and it is further presumed that he has the staff assistance
of secretarial skills}), then the nature of this information generation
process is such that somewhere between ten and twenty pages of text
represents a reascnable upper bound of daily ocutput of knowledge, infor-
mation, or instructions. Again many could or would quarrel with this
figure, suggesting for technical information that this bound is greatly
reduced to perhaps as little as cne or two pages or, in the case of
gifted reporters, to a level of perhaps as much as fifty pages of text
or even higher, but they will certainly not quarrel with the assump-
tion that it is not off by more than one order of magnitude, which, on

the scale of information required to build a system, as before, becomes
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Ficgure 1-1.

Upper Bound of Information Transfer.
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Figure 1-1. Upper Bound of Information Transfer

Exanple A of Figure 1:
Based on an eight-hour day: line a3 - a4 indi-~
cates that B0% x 8 hours = 6.4 hours were spent

for the imput of relevant knowledge; 20% x 8 hours =
1.6 hours were spent for the output of relevant
knowledge.

Point al indicates that 20% x 6.4 hours = 1.28
hours were spent listening and 80% x 6.4 hours = 5.12

hours were spent reading.

Point a2 indicates that 90% x 1.6 hours =
1.44 hours were spent writing and 10% x 1.6 hours =
0.16 hours were spent talking.

Point A graphically represents the combined
effect of this information, and point A', which is on
the surface, indicates the maximum amount of relevant
knowledge which could be processed by cne individual
following the above time allotments.
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a very small change in level. Individuals involved with the proces-—
sing of knowledge utilized in system design, development, construction,
and operation will, of course, be involved in a complex joint function
of input and output. The total amount of knowledge which is processed
per day, therefore, falls as an Upper 1imit on the surface of Figure 1.
If, as will be required, a substantial portion of the day is utilized
for thinking processes, then the total amount of information or kKncw-
ledge which is handled will be greatly reduced below this upper level.

With these definitions of relevant knowledge and with these gross
estimates of magnitude, we can now establish a few characteristics of
systenms management, as follows:

1. The relevant knowledge in a system is a maximm when the
intersection of knowledge sets is zero; that is, the relevant knowledge
is a maximum when no one knows what anyone else knows. The ability to
build a system under such conditions is, of course, essentially zero,
since such a requirement results in no system coherence and a resulting
random behavior of each individual in the system.

2. The relevant knowledge in a system is a minimm when the
intersection of sets is unity; that is, the relevant knowledge is a
minimm when everyone knows what everyone else knows. The building of
a system is not possible in this instance, even though the ccherence
is exceedingly hign (and we shall presure that it is unity), since the
total amount of information or relevant knowledge which is available
is not enough to cover the camplexities of the total system.

3. It follows, therefore, that the management of a system is most
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efficient fram an information standpoint when the set intersectians
are at the minimm required for complete system definition. In the
real world in which understanding and coherence are highly limited,
a great deal of redundancy on set intersections will, of course, be
required if compatible components are indeed to be designed, con-

structed, assembled, and operated.

Information Transfer

Before the decision-making structure, scope, and content of rele-
vant knowledge which must be possessed by individuals in the decision-
making structure can be more precisely defined, some further elabora-
tions on types and varieties of information transfer mist be made.

A number of types of information transfer can be identified, having
various efficiencies from a systems standpoint, as follows:

A. Person-to-person, including telephone commmication

B. Conference

C. Lecture

D. Directives, annowncerents, messages, plans

E. Management information schemes, such as PERT, line of balance,

and other computer-aided information processing systems.

Information flows most effectively when a person, or persons, is
directly involved in a real-time feedback loop of the commnication
process. From the standpoint of the individual, person-to-person commi-
nication proves the most effective, but insofar as the system is con-
cermed, it is a highly inefficient and painfully slow process, subject

to the garble and distortion of successive repetition of the message
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content in going fram person to person and subject to the long-tinme
delays before a relevant message can be cammunicated to substantial
segments of the system at large.

This limitation is samewhat alleviated by the conference. In a
conference there develops a disproportionate balance between the time
which is available for output and the time required for input, such
that the average output time per individual is 1/n of the total time
of the conference. As an empirical rule of thumb, if n is greater than
10, then a substantial number of participants at the conference can be
no more than listeners and such representation is likely to be highly
inefficient insofar as the flow of information is concerned.

When the conference beccmes very large, Or when feedback from
conferees is not allowed, the situation develops into that of the
lecture; that is, a great deal of efficiency is generated with respect
to the output of a single individual at the expense of any signifi-
cant reaction fram the members of the audience. While same progress
is being made in the form of autanatic polling procedures or real-time
indicators of agreement, disagreement or understanding by the members
of the audience as an entity, the lecture is essentially a one-way
camumication channel.

an alternative to this is multiply-addressed messages which can
be disseminated to as large a segment of the system as is desired.
This communication system suffers fram the drawback that the total
response can be greater than can be assimilated by the message center,

and that a high degree of logical inconsistency can result if all
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responses are to be believed.

These cammmication difficulties result in an inherent character-
istic of systems management; there is an asymmetry between a system's
capability to pass information down and the ability to pass infarma-
tion up the management chain. Passing information up the management
Chain, in general, floods the commmication channels of the higher
echelon, unless the information has been selectively reduced by pre-
determined logic patterns. Such management information schemes, if
properly designed, can indeed achieve the required ingredient of
reducing the flow of information up the system line within a structure
which gives a high probability that information which does finally get
through has a high degree of relevance.

The PERT system as originally formulated was one such management
technique. Under the PERT program a network of events and milestones
which must be accomplished in order to meet system goals is established.
The network is sequential and is characteristically single-valved at
the inception and completion points and multibranched and multipathed
between events. A simplified diagram is shown in Figure 1-2. Assign-
ments are made at the lowest level of management (preferably at the
carponent. working level) for responsibility to camplete each event in
the network. At periedic intervals (usually weekly) the individuals
with the designated responsibility make a subjective estimate of the
expected time to complete the event, the maximm expected time to com-
plete the event and the minimm expected time to complete the event,

{Unfortunately, this estimate generally requires the assumption that
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resources will be made available.) Utilizing these estimates, a carputer
can determine the "critical path,” i.e., those sequences of events which
govern the period of time between the inception and completion of the
network. Management attention is thus directed solely to the critical
path and/or those which are just below it. In this sense, the system
automatically ignores information inputs from people who are in "good
shape" and also ignores people who are in "bad shape" but for which

this otherwise unhappy condition is irrelevant. It should be noted
that, when dealing with systems, the campletion of a subsystem on time
is highly related to economic efficiency since large cost penalties are
paid if the remainder of the system is forced to mark time.

Variants of the PERT system have been introduced which include
estimates of cost and time in the network. It is the author's copinion
that many of these have been counterproductive, since they generate
additional information and often generate the need for separate PERT-
QOST organizations who prepare the estimates although divorced from
the "knowledge reservoir" of the engineer on the production floor.

The characterization of information having relevance is again a
central prcblem of systems management and, for purposes of this exXposi-
tion, three classes of relevant knowledge or information will be
defined, as follows:

1. Category A Knowledge

This is knowledge which is translated or which will be trans-
1ated into action which affects the state of the system. Category A

Information or Knowledge includes design drawings, instructicnal
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materials, shop drawings, certain aspects of contract directives,
specifications, and alterations. Category A Information also includes
knowledge possessed by skilled welders, machinists, electronics
technicians, engineers, and scientists, which makes them uniquely quali-
fied to perform actions which affect the system state. It is a major
task of systems management to insure that Category A Information is
generated in a timely manner and of such completeness that the entire
system changes its state in accordance with the goals of design, devel-
cpment, production, operation, and maintenance.

2, Category B Knowledge

This is knowledge which is convertible into Category A Infor-
mation and which forms a basis for Category A choices. This knowledge
consists of alternatives which may or may not, in fact, be inplemented
to change the state of the system. Such knowledge includes all the
designs, cost-effectiveness studies, contract definition studies,
systeme tradeoffs and other information which may be generated in order
to assist in choice of Category A Information.

3. Category C Knowledge

This is knowledge which is required for administrative purposes
anly, such as payrolls, university class schedules, availability of
life support services for the administrator or the designers, and other
information which is relevant for support of the individuals who are
designing, developing, operating, or maintaining the system, but which
is otherwise irrelevant to the changes of system state. Although
Category C Knowledge is an irrelevant category for further discussion,

the burdening of executives involved with systems management with this
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tecnological alternatives, and to ensure that the system is produced
within a specified time envelope, a specified cost envelope, and a
specified performance envelope. In addition, the organization of a
system must recognize that the subsystem of a system may itself be a
system. This then requires a replicating structure to satisfy all
system level requirements, i.e., the information transfer and techno-
logical decision structure must be compatible with the requirement
that the system itself is a subsystem of a similar higher level

structure.

Subsystem Interfaces

One solution to this prablem has been the grouping of individuals
and organizations into closed commnications structures in which these
collections of individuals and organizations are assigned precisely-
defined functional reguirements within precisely-defined ph}fsical
limits. The precisely—defined limits are referred to as interfaces.
Except for communications concerning the interfaces themselves, official
commumications (i.e., comunications affecting the state of the system)
across subsystem interfaces are specifically denied. While this has
the disadvantage of being incapable of eliminating "ideal world" redun-
dancies or inefficiencies, it has the overwhelming advantage that the
total systems task can be accomplished in a finite period of time and

in such a manner that the total system works as required.

At each level of a systems organization, the number of subsystems
into which a system can be divided is again limited by human commmicar

tion. Seven to ten appears to be an cptimam mmber in order that the



type of information is a serious problem. The filling out of travel
forms, of requisitions, of telephcne usage forms, and cther bureaucratic
minutiae is a type of time pollutant which destroys the capability of

the executive to absorb Category B Information and disseminate Category A
Information. Zeal in the development and enforcement of Category C
Information requirements can render a management system almost helpless.

Having categorized these three types of information, a number of
cbhservations can ncw be made, as follows:

a. The volume of Category B Knowledge which can be converted

into Category A Knowledge is limited by the commmication
capacity of the individual charged with responsibility for
generating the Category A Knowledge.

b. The volume of Category B Knowledge which can be generated is
infinitely expandable once its generation is detached from
the possessors of Category A responsibility and capability.

c. Since this is the case, the accomplishment of systems goals
will therefore require on many, if not most, occasions the
rejection of Category B Information which would otherwise be
relevant to the systems decision, but which cannot be cam-
mmicated to the Category A generator because of time con-
straints.

The crganization of the design and management team to design,
develop, produce, deploy ard operate an ocean system requires, therefore,
a mechanism to ensure a balance between Category A Information and
Category B Information throughout the system, to ensure that the func-

tional intent of the system is maintained, to ensure freedom for
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span of control be within the cammication capability of a single
system manager. In assessing the question of span and control, it
is highly desirable that each executive in the system prepare for
himself an "information budget" with careful schedules in order to
satisfy himself that the different systems levels can be directed in
2 manner which does not delay systems progress and, in particular,

does not cause large mubers of people to "mark time."

Information Budget

The information budget is defined as the allocation of time
between superiors, staff, peers, subordinates, self, libraries, and
information storehouses as a function of the types and varieties of
input-output and output-input communication processes. A sample
information budget is shown in Figure 1-3. It should be noted in this
information budget that a certain amount of time should be devoted
to acquisition of knowledge outside of the system in order that the
total knowledge in the system be increased. If such an allocation is
ot made, then the individual in the system is no more than a mechanism
for reordering information which already exists. While such reordering
is, of course, required for system coherency, it contributes little to
innovation.

The information budget does not, of course, duplicate itself on
a day-to-day or even a week-to—week basis. Time cycles must be accounted
for which correspand to the time cycles to which our society is accus-
tamed. Such cycles are generally annual, semiannual, bimonthly,

monthly, weekly, or daily. Information budgets for systems planning,
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0800-1000

1000-1015
1015-1115
1115-1230

1230-1300
1300-1400
1400-1500
1500-1600

1600~1700

1700-1800
1800-2300
2300

0800-1800

1800

0800

0900-1000
1000~-1200
1200-1300
1300-1500

1500-1700
1700

0800-0900
0900-1200
1200-1300
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WEEK'S SCHEDULE FOR
SUBSYSTEM MANAGER

MONDAY

Monday Management Review (boss and peers})

(Categories

Interim coffee,

A and B)

infermal

discussion

Special presentation {(Category B}

(Category B)

Problems meeting on the morning's discussion

(Category B)
Lunch at desk,

read mail

(Category B)

Generate replies to correspondence {Category A}

Plan next day'

s meeting

(Category B)

Sstaff conferences (Category B)

Prepare reports and memoranda (Categories A, B and ()

Issue line directives to subordinates {Category A)

Homework , dinner

(Category B)

Telephoned field report (Categories A and B)

TUESDAY

Replicate Monday with staff and subordinates
instead of peers

Depart for airport for one-day field trip

WEDNESDAY

Arrive at destination

Review and briefing (Category B)

On-site inspection (Category B)

lLunch with corporation (Category B)

Problems conference and problem-solving

and B)

(Categories A

Ancillary inspections and visits {Category B)

Depart for airport (Category C)

THURSDAY

Mail and correspondence (Categories A, B and C)

Quarterly Budget Review {Category A}

Lunch with Budget Review authorities

(Category B)



1300-1400

1400-1500
1500-1600

1600-1700

1700-~1800
2300

0800-0900
0900-1030
1030-1100
1100-1130
1130-1200
1200-1400
1400-1500
1500-1800

1800-2300
2300

0800-1000
1000-11Q0
1100-1300

1300

Morning
Afternoon

Evening

-20_

Prepare material for boss to use for his Friday
morning meeting (Category B)

Meeting with boss and peers (Category B)

Prepare alternatives resulting from Budget Review
Category B)

Brief subordinates on alternatives from Budget
Review and on field trip (Categories A and B)

Visitcrs (Category B)
Telephoned field report {(Category A)

FRIDAY

Correspondence (Categories A, B and C)

Lecture to management interns (Category B}

Free reading or visitors (Category B)

Awards ceremony (Category C)

Visitors connected with ceremony (Category C)
Ceremonial luncheon and speech (Categories B and C)
Congressional hearing (Category B)

Review and initial plans specifications and
action documents (Category A)

Dinner, theatre or a play (Category B}
Telephoned field report (Category A)

SATURDAY
Staff meeting in preparation for Mcnday morning
(Category B)

Meeting with Graphic Arts for presentation
material {(Category C)

Tie up Irish pennants (e.g., unfinished odds
and ends) (Category C)

Family and home life (Category C)
SUNDAY

Religicn or golf {Category C)
Emergency Crisis Conference (Category A)

Type C information (bills, income tax, etc.}
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design, manufacture, deployment, and operation must take such annual
cycles into account. Typical cycles include annual program plans,
annual program change proposals, annual budget proposals, annual budget
reviews, semiannual program reviews, semiannual budget reviews,
bimcnthly systems appraisals, bimonthly systems tecnology reviews,
monthly system sanpling reviews, and weekly subsystem progress and
prablem reviews. The total information budget must be prepared not
only with these reviews in mind, but with the recognition that the
total expected nunber of hours from an individual with action responsi-
bilities reaches an upper limit of approximately seventy hours a week
for fifty weeks a year. This limit assumes that he adjusts his schedule
so that all travel is accomplished between the hours of 1700 and 09200.
Very few individuals are capable of sustained operation at this level
of activity and it is highly desirable to note that such executive
performance reguirements rist permit occasional sabbaticals or detach~

rents from executive duty for appropriate human maintenance.

Subjective Human Purpose

Within these highly limited constraints of human information pro-
cessing, the systems development process mist take place. Recognizing
these limitations, we may now twm to the problems of subsystem defini-
tion and to the initial hardware identification. At the outset, the
subjective human purpose for which the system is to be built must be
established. This must include the approximate time and cost constraints
which govern the accamplishment of this subjective human purpose and

the assurance that the society will provide the resources necessary to
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meet this subjective human purpose. All too often these hard questions
are avoided by systems managers on the presumption that same "higher
authority" in the society is charged with this responsibility or, even
more dangerously, on their presumption that there exist some econcmic-
deterministic processes in the society which dictate the tasks to be
done and the choices of the alternatives in performing these tasks.

It is therefore worthwhile to digress at this point in the text for

a very brief discussion of the identification of subjective human pur-
pose in the society and the assessment that resources will indeed be
available to meet these purposes.

In order to survive, a society, at the bare minimm, must provide
food, clothing, shelter, and defense. If a modest level of technolo—
gical sophisticatién is introduced, it is necessary to introduce trans-
portation and distribution for the food, clothing, and shelter and,
concamitantly, the acquisition of minerals and manufacturing processes
in order to ensure the existence of a clothing, shelter and transporta-
tion system. When there is a surplus of incoame beyond these basic
necessities, then the society has an opticn of directing its surplus
into such areas as health, recreaticn, envirovmment, and lwairies. The
luxuries include: non-defense activities of space, pure science,
Iuxury foods, luxury clothing, luxury shelter, luxury transportation,
and the generation of Type B and Type C information in the form of
nonfiction, news cammunications, etc.

In making an assessment of the society's need for a specific func-
tional capability, the system planner must assess whether the govern-

ment at the federal, state or local level will appropriate the necessary
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resources to meet the function, or whether the capital will be avail-
able from private industry for investment on the basis of assured or
expected profit return, or whether some eleemosynary or charitable
section of the society will contribute the resources to meet the
specified capability.

In the first instance, the system planner must determine the
governmental requirements or anticipate the governmental requirements
as they will be assessed by the Congress. In the military sphere this
assessment will be aided by a threat analysis in which the potential
harm to national security is measured as the result of the known or
projected developments on the part of other nations of the society.
The result of such threat analysis will in general indicate the magni-
tude of the effort which is required in order to meet such a threat,
but it is by no means autamatic that the Congress will approve the
resources which are reguired in order to meet such hypothetical threats.
Indeed, a hichly subjective judgment is generally amployed in deter-
mining what will be a minimm response to the real or projected threat,
what will be a moderate response to the real or projected threat, and
what would be a maximal response to the real or projected threat. It
is only when such order of magnitude estimates of the nature of the
threat and the nature of the response are determined that one is faced
with the more easily ascertained guestion of altematives and the cost
effectivity of each altermative to meet the postulated requirement.
Even then a great deal of difficulty results since a specific hardware
configuration utilized by the military will generally have same malti-

purpose application and, when comparing two alternatives, one is



—33~

inevitably cast in the role of recognizing that each alternative, while
being adequate for the prime mission of concem, will have a different
set and spectrum of alternate mission capabilities, To this extent,
st effectiveness is but one measure that is employed in a highly
subjective decision-making process which eventually results in a
recamendation to the Congress to proceed with the design, development,
test, evaluation, and deployment of a specific military capability
together with a recammendation as to the force levels, the rate at
which the capability is acgquired, the locale of deployment, and the
total magnitude of resources which will probably be required in order
to meet the postulated capability.

Where the subjective human purpose is one which requires invest-
ment by a profit-making industry on the basis of a sure or expected
profit return, the calculus of choice is equally, or perhaps more,
ogmplex. But a major failing on the part of many engineers is to
presure that the most cost-effective system, from an engineering
point of view, which can be produced to meet samne need of the society
will, in fact, be the most profitable. Nothing oould be further from
the truth. The current structure of our society in terms of taxes,
subsidies, labor union constraints, psychological aspects of customer
preference, etec., are such that it may be safe to say that very rarely
in the society is the most cost-effective system the most profitable.
Just a brief statement about each of the major categories will provide
sufficient examples to illustrate the point.

In the basic food industry, campetition between marine foods and

agriculturally-developed foods is such that food which is grown on the
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land enjoys a substantial campetitive advantage as a result of agricul-
tural supparts and agricultural programs. For example, in 1962 the
net farm incame of the United States was 12.8 billion dollars and the
U.S. farm support program was for that same year at the level of seven
billion dollars. While it is probably quite true that the set of
individuals who received the 12,8 billion dollars is not all-inclusive
of the set of individuals who received seven billion dollars, it is
prcbably true that net farm income would have been six billion dollars
or less were it not for the farm support program. In assessing the
desirability of entering into such businesses as fishing for menhaden
as a food supplement in the production of hogs, the profit-minded entre-
preneur must compare the cost of producing menhaden in a relatively
unsupported econony with the cost of producing soy beans in a highly-
supported econdmy.

The luxury food market, on the other hand, is one in which the
basic needs of the society play a very small role in determining the
profit and loss margin. Indeed, in the luxury foods, as in most luxu-
ries, the profit margin is highly conditicned by the advertising pro-
gram which is utilized by the purveyor of the commodity. Thus, when
cne contemplates such marine industries as the mariculture of lobster
or of shrimp, the entrepreneur can assume that the market is far from
caturated and the society will tolerate differentials in price several
dollars a pound above the cost of acquisition. In such types of markets,
the profit-making entrepreneur is much more interested in rapid and
immediate capability than he is in optimizing the process by which the

product is brought to market.
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In the recovery of minerals from the ocean--oil, gas, extractive
minerals, or hard minerals—a very complex set of artificially-developed
social relations has been imposed which, in same instances, favor the
acquisition of ocean minerals if profit, rather than engineering cost
effectivity, is used as the measurement criterion. It is well known
and universally acknowledged that the import quotas on oil greatly
affect the ratio of domestic to imported crude which is utilized in the
United States and, as a result, has made viable the option of recovery
of oil fram the Gulf of Mexico, from the offshore continental slope in
the area of California, and even from the northern slopes of Alaska.

In this instance, the differential in cost for a barrel of oil delivered
in a port such as Philadelphia between oil which is acguired fram off-
shore oil reserves and oil which is imported fram foreign fields is at
least $1 per barrel.

Other artifacts of this industry include the depletion allowance
and its effect on the total organization of the industry in order to
optimize profits within the constraints and opportunities afforded by
this allowance. Some very subtle differences must be noted. For
example, in the extraction of minerals from brackish waters no depletion
allowance is permissible when extracting minerals from the sea. On
the other hand, the extraction of the same minerals from brackish waters
which are found inland is entitled to depletion allowances of varying
amounts, depending upon a rather detailed and complex schedule. Such
a differential in allowance, of course, has an effect on the relative
choice between extraction from sea water and extraction from brackish

sources on land.
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Significant social regulations also exist in the transportation
industry. In this instance, for exarple, the requirement that the
gasoline tax be earmarked for roads and highways and specifically pre-
cluded for use in alterative means of transportation results in an
effective differential subsidy in favor of the road and highway system.
This particular tax law may be conceived either as placing the high-
way transportation industry into the status of a tax—exempt industry
or it may be canceived as putting it into the status of a normally-
taxed industry in which roads and arteries are provided free of charge.
Although there are subsidy provisions with respect to marine trans-~
portation, the nature of these provisions is such that the more commn
use of marine transportation utilizes the foreign flag and, as a result,
a mich more conmpletely laissez-faire form of campetition. When a choice
is to be made between a sea transportation system or the alternative
use of road transportation, the system planner must recognize this
significant differential.

when the subjective human purpose revolves around health, recrea-
tion, envirconment, and other public services and public works, a most
difficult assessment must be made as to the magnitude of resources
which the society will desire to expend in each of these areas. The
estimate is as much dependent upon estimate of political processes
as it is upan any cost-benefit analysis. Indeed, the major problem in
this type of analysis is the attachment of a value to such nonguantifi-
ables as health, recreation, or environmental quality. Econcmists are
now wrestling with this prablem, but as yet no firm monetary equivalent

of social or psychic income has been agreed upon.
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Techniques for factoring into tradecff analyses the effect of such
subjective choices have been attempted. The approach which is most
attractive to the author is that of R.aiffa.l In this approach the analyst
does indeed make a subjective estimate of the value of various nonquanti-
fiables and, in addition, makes prababilistic estimates of the willingness
of the society to pay for such nonquantifiables as a function of other
variables in the problem.

The approach by Raiffa reoognizes that future actions and their
outcomes can legitimately be represented by subjectively—determined
prababilities and that the value of the outcomes can be appropriately
represented by subjective values. The introduction of these new con-
cepts permits the determination of a spectrum of probable outcomes
for a given development policy together with a spectrum of subjective
costs which would be expended to reach these outcames. Quite dbviously,
approaches of this type lead to the generation ¢of alternate scenariocs
and spectrums of cutcomes which are extremely difficult, if not impos-
sible, to enumerate even with the aid of the digital computer. The
judicious introduction of simplification is therefore required. The
approach which the systems manager must take, therefore, is one in
which he believes the society wishes to be fulfilled in order to dis-
charge his responsibilities as a public servent or as a profit maker
or as an eleemosynary executive, The political, social and environ-
mental constraints which will be imposed upon the carrying out of the
subjective human purpose should then be enumerated. These should be
enurerated in terms of the broad generic type of hardware which could

be employed to meet the subjective human purpose, the broad general

lRaiffa, Howard, "Decision Analysis," Addison-Wesley, 1968.
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resource level at which the subjective human purpose can be or could
be fulfilled, some subjective measure of the payoff for each level and
type of system, and some assessment of the probabilities that the
Society will make the rescurces available for each of the broadly-
specified altematives. Such analysis, whether it is carried out
rigorously or heuristically, will lead the systems designer to the most
realistic initial formulation of the subjective human purpose which
his system might ultimately fulfill. Such gualitative analyses are
prabably best carried out with small concept- formulation teams, con
sisting of a mix of expertise from segments of the society desiring
the system, segments of the society who will design and manufacture
the system, segments of the society who will deploy and operate the
system, and segments of the society which will provide the resources
for the system. It is only after such initial formulation that one can
seriocusly enter into more formalistic cost-effectiveness tradeoffs
between specific hardware altermatives. Even then, continucus atten—
tion must be paid to the political, social and cultural acceptability
of the configuration which is otherwise most "cost effective.”
Recognizing now the limits on information and its rate of transfer,
the large amount of accumulated information in the range of trained
individuals which is incapable of transfer except in limited selectively-
adapted situations, the highly swjective aspects of determining the
society requirements and willingness to support the investment in the
system, it must be realized that the evolution from initial identifica-
tion of the system to its final specification and configuration is an

iterative process. This iteration is most effectively acoomplished
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initially by the collection of an identified set of experts who are
maintained in seclusion for periods of time ranging from one to three
months, and who are provided with real-time operaticnal analysis inputs,
as requested. The effectiveness of such a technique depends on the
initial presumption that the individuals chosen indeed have the appro-
priate technical and management expertise and this selection process

is critical to the initiation of a socially-useful system. If, as
indicated, systems development is an iterative process, then we should
expect that this group of experts will at one lewel of abstraction
carry through the same general logic processes which will be reiterated
at more detailed levels of abstraction by larger and larger sets of
individuals as the dewvelopment moves more toward design and the ultimate
realization of specific hardware or specific training programs. We
shall therefore carry through the generalized process which must be
engaged in by such a collection of individuals, recognizing that this
process must replicate itself in a more formalized structure.

The initial task is a first estimate of the magnitude of the para-
meters which delineate the subjective human purpose. This statement
mast be made in a prohabilistic way since systems development philosophy
and systems development cost will depend very highly on the'expected
performance and reliability of the system.

The generalized statement of the subjective human purpose, there-
fore, is as follows: Tt is desired that a system be designed, constructed
and deployed and that this system be capable of cperating in a specified

manner (herein specify the manner) on "x" elements of the society, human



or physical, (herein specify the elements) and change these elements
into a new state or configuration (herein specify the configuration

or state) and that such operations will be sucoessfully performed

"z" percent of the time (herein specify the value of "z") with condi-
tional probabilities "p" (herein specify the value of the conditicnal
probabilities and the corditions) that reliability "z" will be dbtained.
This generalized statement can be made more nmeaningful by a few exarples,
as follows:

a) 0il recovery system A, subjective human purpose: The recovery,

processing and delivery to market of 10 million barrels per year of
0il located on the continental shelf of California with delivery to
the market at a cost not greater than $1.50 per barrel with a systems
reliability such that 99 years out of 100 the quantity of oil will be
delivered at the price (price adjusted to 1970 monetary value) with a
sufficient demonstration of system performance that the probability of
attaining 99 peroent reliability ({(as measured on an annual basis) is
75 percent.

b) Containerized transport systems, subjective human purpose:

The collection, transport and distribution of 500,000 containers of
cargo between five Eurcpean ports and five east cocast Atlantic ports
with the assurance that this rate can be maintained for at least nine
out of ten years on the conditional presumption that this assessment

is made independently of strike, war, or major natural catastrophe and
that the performance of the system be sO demonstrated that a probability

of 80 percent can be assigned to the achievement of this reliability.



c) Pollution control system A, subjective human purpose: A system

of surwillance, classification, commnication and containment such
that pollution sources from distressed ships or structures on the high
seas which are generated on an average rate of not more than cne per
month, when averaged over a one-year time base, with the further pre-
sumption that twelve occurrences will occur randamly throughout the
year. They will be detected within twelve hours after their occurrence
and will be ocontained within 48 hours after their occurrence with a
systems performance and reliability such that 95 percent of all such
occurrences will be detected and contained within this time interval
and with a demonstration of systems performance to the extent that it
can be estimated that the system has a probability of 50 percent of
meeting the systems goal.

These examples are, of course, purely arbitrary, have not been
developed on the basis of the kind of reasoning which goes into the
development of a subjective human purpcse, and are very brief and incom-
plete, as compared with the kind of specification that will be required
for any major system. However, it is important to note several charac-
teristics. One is the generality of specification of the system in
terms of hardware. In other words, a minimum of constraints on the
type and form of hardware which will be constructed and designed must
e placed by the specification of the subjective human purpose in order
that the systems designer have widest range in selecting equipment to
meet the desired goal. On the other hand, the early quantification of
the design reliability of the system and the tests and evaluation which

must be conducted to demonstrate the reliability and the quantity of
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elements to be handled by the system must be specified quite precisely
at the outset, since the entire approach to the systems development and
the magnitude of the cost are critically dependent upon the assigned

values of these quantities.

Basic Sea Systems

Once the subjective human purpose has been established, the next
task is to prepare a mission analysis as a basis for broad hardware
choices. In order to accamplish this effectively, we may first note
that most sea systems fall in the broad category of transportaticn
systems where the subjective human purpose is the collection of an
agbject or cbjects, the operation cn, or processing of, the dbject or
cbjects, and the delivery of the object or abjects to specified loca-
tions in the face of cbstacles, environmental and/or man—-made. In
order to prepare a mission analysis and mission profile for the generic
class of transportation systems, the following quantizations must take
place:

a) The quantity and type of objects to be collected;

b) The location of the cbjects, the precision of locaticn and the
type of location which must be made before the cbjects can
be retriewved;

¢) Constraints on retrieval (possible damage to object, environ-
mental constraints which must be met);

d) Obstacles to retrieval (sea state, envircnment, predators,
man-made interferences);

e) Time limits on ocollection, location and retrieval;

f) The quantity and type of processing of the retrieved dbjects

which mist take place;
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g) The time, location and envirommental limits on the processing
which must take place;

h) The constraints on processing (permissible damage to objects,
etc.};

i) Cbstacles to processing which must be overcome;

j) The time constraints on transportation;

K) Obstacles to transportation, natural and man-made;

1) The routing and intermediate stops which may be required by
the mission;

m) The quantity and type of cbjects to be delivered;

n) The addressees and the precision of delivery and the type
of delivery;

0} The constraints on delivery;

p) The dbstacles to delivery;

q} The time limits on delivery;

r) The probability of systems success, reliahility of the system
together with the demonstrated probability that the reliability
has been achieved.

A second generic class of sea systems are transportation-interdic-
tion systems where the subjective human purpose is to prevent the delivery
of an abject or cbjects to a specified address or addressees. For such
a system the following quantization must take place before the hroad
outline of the system can be ascertained:

a) The quantity and type of abjects which are expected to be

interdicted or diverted;
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d)
e)

£)

h)

i)

)

k)

1)
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The source of the cbject or cbjects, the location of the
source, and the specification of location uncertainties
which are required for the cbject to be interdicted at the
source;

Requirements which rust be met (damage, containment, modifi-
cation or impediment) in order to interdict or divert the
abject at the source;

Obstacles to interdiction at the source;

Tire limits on location or diversion or interdiction;

The character of the dissemination, transport and intermediate
stages of processing between source and delivery:;

The time of dissemination and transport and temporal limits
on the processing which takes place;

Requirements which must be met to interdict or divert the
cbject or cbjects during disseminaticon and transport phase;
Constraints on interdiction or diversion of the abject or
objects during this phase;

Obstacles to interdiction or diversion of the ohject or
abjects during this phase.

The terminal phases of the delivery process, the location of
the terminals, the precision of location of terminals, and
the specificity of location of terminals which is required if
the abject is to be interdicted during the terminal delivery
phase;

Requirerents which nust be met (damage, containment, modifica-
tion or impediment) in ordex to interdict the object during

the terminal phase;
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Obstacles to interdiction during the terminal phase;

Time limits on interdiction during the terminal phase;

The probability of system success and reliability of the system
together with an estimate of the probability that the reliabi-

lity has indeed been achieved.

A third generic class of systems falls into the category of

information and surveillance, where the subjective human purpose is to

collect, analyze and disseminate information about the state of some

specified ocean phenamena (man~-made or natural or same combination

thereof).

For such systems the following quantizations must take place

before the brovad outlines of the system can be specified.

a)

b}

c)

d)

£)

h}

The purpose for which information must be cbtained;

The required success probability and time limits which are
required to meet the objective;

The temporal reguirements for the synthesized information
{cantimous, intermittent, cyclic, acyclic) together with
time intervals;

The parameters which must be measured and the synthesized
information which is required to meet the cbijective;

The precision and accuracy with which the parameters must be
measured;

The spatial and temporal location of the phenamena to be
measured and the spatial and temporal uncertainties which are
pemmissible in paraneter measurement;

The constraints on measurement of the parameters;

The obstacles to measurement of the parameters;
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i) Information processing which is required for each parameter
with limits on accuracy, precision and specification of the
temporal nature thereof;

j) The requirements on information processing imposed by the
synthesis. This includes cimiltaneity of measurement of the
different parameters, relative spatial relationships between
measurement, locales of the different parameters, etc.

Nearly all of the systems which have been described will fall into

ane of these three categories or will be conprised of subsystems which
fall into cne of these three categories. The delineation of the mission

profile can therefore follow these generic models.

Subsystem Identification

The delineation of each of these requirements will result in a
mmber of limitations on the choice of system, the definition of a
rnurber of system tradeoffs which will be required, and the identifica-
tion of a muer of options which may be left open. As a basic rule
of systems efficiency, maximum flexibility should be a goal in meking
subsystem choices; that is, the choice of subsystem should be primarily
functional and should provide freedom for the subsystem designer to
optimize the subsystem with his own choices insofar as he is capable.
Tt is then a questian as to whether subsystem identification or speci-
fication of mission profile should be the next sequence in the systems
process. In any event, the process is iterative, requiring an initial
approximation of ocne or the other with progressive modification in

order to reach compatible mission profiles and subsystem identification.
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In this text, the choice of subsystem identification is therefore
arbitrarily considered next.

No fixed rule can cor ought to be given to subsystem identifica-
tion other than the fact that it must provide the basis for "a clearly
definable set of dbjects and trained individuals designed to operate
in concert to perform a specific subsystem function." Since the sub-
system's function nust be carved out of the total system function,
the basis for such carve-out is to a first order arbitrary. Subsys-
tems may be chosen primarily on the basis of subsystem function,
physical location, technology, or any recognizable classificaticon,
including the personality of management, socioclogical factors, economic
factors, etc. There is no reason why hybrid classification may not
be used as the basis for subsystem identification, and there is no
reason why all subsystems should be of equal size or even of approxi-
mately equal size. The primary care that must be taken is the recogni-
tion of the point at which a subsystem becomes a component and the
point, therefore, at which the principles of design and management
indicated in this text are no longer applicable.

For pragmatic reasons the writer's preference for subsystem iden-
tification is a combination of function and technology. If a subsystem
is chosen which has a diversity of technologies (e.g., heavy construc-
tion, electronics, and precisicn mechanisms) and if such diverse tech-
nologies are assigned to a management group specializing primarily in
one technological discipline, then unsophisticated and archaic elements
are liable to appear in the subsystem product in those areas of techno-

logy with which the group is unfamiliar.
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On this basis, technologies which are deemed to be markedly
different are as follows:

a) Heavy construction - low tolerance

b) Heavy construction - high tolerance

¢) High performance structures

d} Electrical power - heavy

e} Electrical power - light

f) Chemical power (heavy, low performance)

g) Chemical power (high performance)

h) Nuclear power

i) Precision mechanisms

j} Machinery — heavy

k) Machinery - light

1) Physiology and psychology

m) Instrumentation - high performance

n) Electronics - computations

o) Electronics - cammnications

p) Hydrodynamics - seaworthiness and seakeeping

q) Hydrodynamics - stability and control

r} Aerodynamics - low speed

s) Aerodynamics — high speed

The list of basic technologies can be almost endless, and the
aforementioned are given only as examples, but it should be noted that
very frequently subsystems can be chosen on the basis of such charac-
teristics. For example, it is somewhat classical in aircraft design

to subdivide the airplane between Avionics, consisting primarily of
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sophisticated electrohydraulic systems, Air Frames and Structure,
involving forces and moments on extremely high performance structures
in aerodynamic environment, and Power and Propulsion, involving the
design of complex high-performance chemical power machinery. When
applying the same criteria to sea systems and after a review of a
number of sea systems (see original list}, the writer has concluded
that one set of generic subsystems can be identified which fairly
completely encompasses sea systems currently extant. These subsystems
are as follows:

a) Platform subsystem or subsystems

b) Life support

¢) Environmental sensing

d) Navigation

e} Camunication

f) Object delivery and retrieval

g} Object processing

h} Command and control

i} Test and training

3) Terminals

k) Construction, maintenance and logistic support

The first of these, the platform, is of such importance that it
is important to now ideptify three basic sub-subsystems generally
associated with platform choice, as follows:

al) HMll and structure

a2} Pawer and propulsion

a3) Stability
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Mission Profile

After an initial specification of subsystems, the test of com-
pleteness of subsystem identification is most generally uncovered in
the specification of the total mission profile or scenario., It is
therefore vital in systems identification and design to specify such
profile in meticulous detail. The mission profile or scenario is
written in two phases: the operaticnal and tactical phase, and the
life cycle phase which includes construction, test, training, overhaul
and maintenance. The scenario, therefore, provides a first cut on the
minimun number of operational units which are required to camplete the
system. Tt also provides a first cut on the minimm nurber of cpera-
tional wnits which are required to operate the system to meet the sub-
jective human purpose. The cperational scenario should detail the
sequence and times which are involved. The life cycle phase will re—
quire an initial estimate of maintenance and overhaul philosophy.
Tradeoffs in this regard are ordinarily wndertaken since the total cost
of the system depends heavily upon such choices.

An overly-simplified example of the mission profile is presented
here for illustrative purposes. The example chosen is that of submarine
rescue. The subjective human purpose for rescue is to provide relief
to a distressed submarine rapidly, at least in a time scale shorter than
the survival time of persomnel on board. The distressed submarine may
be at, or close to, its collapse depth, may be at extreme angles of
repcse on the ocean floor, and may have an elevated atmosphere as the
result of partial flooding or inability to recampress the added gases

associated with life-support or pneumatic systems.
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Analysis of the geographic distribution of depths from which a
rescue is possible and analyses of submarine deployments reveal that
very many rescue vehicles deployed at a large number of bases would be
required to ensure a short time scale unless the rescue-vehicle system
were air transportable. Air transportability thus dictates the maxiruwm
size, maximum weight, and limits on mass distribution for major assem-
blies of the system. Air transportability further requires that the
system be road mobile and that the equipments for road mobility are
themselves capable of air transport.

Further analysis of sea state and ice in submarine-operation areas
dictates that the rescue system have an all-weather capability. This
is best achieved by use of a nuclear submarine as a mother craft.
Therefore, submerged rapid-mating capability is another design require-
ment.

Since the size of the wehicle is limited by air-transport require—
ments, it is not possible to transfer even a major portion of the crew
of a modern military submarine in a single transit, so the wvehicle
mist be designed for rapid turnarcund and maximum number of rescuees
per excuarsion.

In summary, the rescue mission design requires all-weather capabi-
lity to effectuate, with high probability of success, rescue fram
military submarines in normal operating areas, at collapse depth, at
extreme angles of repose, at elevated pressure, and in a time scale
which provides a high probability of survival.

The system required leads to the following operational mission

profile:
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Alert the rescue system;

Transfer the ready vehicle and support equipment from surface-
ship tender to road-mobile transport;

Transport to predesignated airfield for loading aboard
predesignated mission aircraft;

Load and fly to predesignated airfield proximate to the
nearest port of embarkation;

Transport from airfield to port of embarkation;

Prepare nuclear submarine to receive rescue vehicle; assemble
rescue system and piggy-back unload vehicle to submarine;
Travel to rescue site;

Establish navigation system and locate distressed submarine
with respect thereto;

Travel to distressed submarine;

Inspect, clear hatch, comunicate with, and investigate
internal conditions of submarine;

Mate and transfer;

Repeat transfer until complete.

Tt should be realized that the mission profile has imposed the

following congtraints on the submarine rescue vehicle:

Depth 5000 ft
Length Overall 49 ft 4 in.
Maximum Beam 8 ft
Maximm Height 12 ft

Air Weidht 62,000 1b
Maximun Speed 5 knots

Power 118 kwh
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Endurance 3 knots, 12 hours
Rescuees 24
Maneuverability Unaided mating in l-knot current;

mechanically aided mating in
3-knot current

Life Support 78 man hours in control sphere;
184 man hours each in mid and
aft spheres
The life cycle mission profile would be as follows:
L. Design and construction of initial units;
2. Test evaluation of initial units;
3. Attainment of initial operational capability;
4. Scheduled maintenance periods for each individual rescue
submersible;
5. Scheduled maintenance periods for the submersible support ship;
6. Scheduled training periods for the operational system;
7. Scheduled guaranteed operational availability period;
8. Scheduled major overhaul periods for support ship and
operational vehicles;
9. Scheduled decammissioning and replacement periods for elements
of the system;
10. Scheduled periods for system expansion and augmentation.
This very brief example is presented for purposes of completeness
in this introductory chapter. A more complete example follows on page 56
as the first of the case studies which were conducted by students in

the M.I.T. course on ocean systems.

Subsystem Interfaces

The identification of subsystems does not complete the system

manager's initial responsibility. The extremely important task of
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definition of subsystem interfaces must now COMTENCe, and must continue
until these interfaces are resolved in the most minute detail. The
most eqregious mistake which can be, and often is, made by system
managers is the failure to properly and appropriately identify inter-
faces, thereby disregarding their importance. By the very philosophy
of systems management espoused here, the system manager will not pay
attention to the details of subsystem design, but he mist pay meticu-
lous attention to the specific hardware details associated with the
interface. The student who is not familiar with interfaces will best
understand this if he recognizes that the standard 110-volt home and
office electrical wiring system constitutes a subsystem in which the
interface with large numbers of unknown appliances takes place at the
wall plug and wall socket. The definition of the spacing of tines,

the tolerances on the plug, the veltage and amperage levels which are
expected is one such set of clearly- and precisely-defined interfaces
which permits manufacturers of electrical equipments of wide variety
and scope to design their equipments with the full assurance that they
will be able to operate on house Or office electrical supply systems
without the need for adapter modifications or modification of the power
system, Similarly, the system manager must identify interfaces between
all of his subsystems. While it is true that this is also an iterative
process during the design and develcpment phase, it is not true that
the process shall remain flexible and delayed as in the case of subsys-—

tem design. The earliest convergence on rigid interface specifications

should be pursued with diligence and vigor. These interfaces are

initially defined by the parameters of:
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a. Location
b, Weight
c. Volume
d. Forces
e. Maments

f. Electromagnetics (the nature of the electrical power and
signals which flow across the interface;
voltage levels, variations in voltage
level, types of current, current levels, etc.)

g. Environment (the types and varieties of atmospheres,
toxic elements and other physical vapors
and materials which may or may not flow
across the interface)

h. Heat (the heat flow across the interface, and
the specification of the allowable interface
temperature range)

i. Vibrations and Kinetics (the motions and vibrations to which
the subsystem will be subjected at the

interface)

It is a good management practice, which appears wasteful only to
the naive and uninitiated, to employ three interface contractors at each
interface. The system manager will or should employ his own interface
monitor or contractor whose task is to detail the interfaces, to iden-
tify incompatibilities between subsystems at the interface, and to
recammend resolutions to these incompatibilities. It should be the
systemmanager's task to resolve these incompatibilities, going as they
will to the heart of the systems operation, and to specify the general

form of the interface. Each subsystem manager should be allowed and
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encouraged to have his own interface manager whose function is to
examine the interface from the standpoint of the subsystem manager, to
propose interfaces, to propose modifications of interfaces, and to
ensure that the subsystem manager does not violate interfaces inad-
ventently as the result of the design of the subsystem. This tripar-
tite scheme of adversary-adjudicatory proceeding will do much to ensure
that all interface prcblems are appropriately resolved, and at the
came time maintain the discipline which is required to ensure that
subsystems will work together when they are brought together in the

final systems assembly and/or operation.
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CASE STUDY: MISSION PROFILE

The girnst-cycle mission analysis and progile presented
here was prepared for an M. I.T, Qcean Enginecening Systems
course. The aufhor, LCDR. E. S. McGinley 11, prepanred the
report as a counse reguirement fon the degrees of Naval
Engineen and MasZer of Science in Naval Architecture and
Mardine Engdineexring. LCDR. McGinley had extensdive previous
Submarine duty, and senved as Duty 044{cer aboard the U.S.S.
RUNNER. The "deliveny sgstem” which 4is descnibed hene i4
purely the creation of the student and does not sepresent
any system which {38 known fo presently exist or has been
proposed foxr exdstence. T£ was prepared within the extremely
Limited time avaclable to a student within the total demands
04 the academic curnradiculum, but it iA important to note that
such time constraint (s a charactenistic of the management
0f majorn ccean systems and that the excess of fime available
Lo a system managern over that uiifized by the student i85 noi
more Lhan, say, 40 fo 50 hours per weeh. To this extent, such

a pinst-cogcle analysis becomes highly realistic.
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SUBJECTIVE HUMAN PURPOSE

A system for delivering up to 50 people (who may or may not be
trained in SCUBA) secretly to a foreign shore anywhere in the Atlantic
Ocean-Mediterranean Sea area. The length of time between delivery and
retrieval would be no rore than five days. Nondetection is of primary
importance, particularly when within 1000 miles of the target area.

Of secondary importance is cost, held, if possible, to less than 550
million per unit. There are to be four units capable of widely-
separated deliveries simultaneously at all times. Maximum time for
delivery should not exceed one month for any location within the deli-
very area.

The system is to be cost-effective, military or otherwise, so that

secondary mission capabilities are to be developed in the system.

[Neither student nor instructon is, by this example, advocating
the comstruction of such a system. 1£ is, however, an excellent
case study which involves ald of the elements of sea sysiems ak

a Level which is practicablfe for the student.]
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MISSION ANALYSIS

Phases of Mission

A.

Four major means of delivery

1. Spacecraft

2. Aircraft

3. Surface vehicle

4, Subsurface vehicle

Characteristics

1. Is impractical at present for up to 50 pecple and $50 million/
unit.

2. Has been used extensively with paratroops in the past. However,
the element of covertness is seriously lacking, and its one
advantage (speed) is not a requirement of this system.

3. Is lacking in covertness to a high degree, at least if it is
used for the entire run fram port to dropoff point.

4. Is probably the optimum in covertness to varying degrees accord-

ing to its design. It would probably be possible to meet time

and cost requirements of the system.

Delivery vehicle selection

l'

2.

From (A) the subsurface vehicle is selected.

This means that at scme point close to dropoff, there must be
a secondary means of delivery, due to draft limitations of a
large submersible capable of carrying 50 passengers, and also
due to its "overexposure" at this point, which recquires surface

or near-surface operations.
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C. Mission phase selection

Home ! ! 3 Delive

Port _ Port 4
2

0 4 ’

/

Figure 1-4.
Sub—Phases Fhase of Mission Description
1 :\ Transit Cut
2,3 B Secondary Vehicle {s)
Delivery of Men and
Return of Ship
4 C < 5-Day Waiting Period
5,6 D *Secondary Vehicle (s}
Sortie and Retrieval
of Men
7 E Transit Back

II. Quantization of Mission Analysis by Phases

A. Transit Out (Phase A)

1. Objects to be collected

a. Up to 50 men + submarine crew.
b. TFood, fuel and other supplies for round trip (80 days
maximm time, including roughly one month each way plus

5 days® mission time plus safety factor) .
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c. Secondary (piggy-back) wvehicle(s}). NOTE: secondary
delivery system will hereafter be referred to in mission
analysis as "piggy-back wehicle," although this does not
rule out possibility of putting swimmers themselves in the
water to swim to the target area.

Location of cbjects

a. At designated "home" ports of wehicles.

Constraints on transit

a. Subsurface transit when possible.
b. In-transit repairs, etc.

Obgtacles to transit

a. Storms/sea state (may be serious constraint if any at-sea
transfer is used).
b. Submerged transit:
1) bottom sonar, aircraft magnetic detection, mines,
underwater natural or man-made {(when close in to shore)
cbstacles, other ships.

C. Surfaced (or snorkel) transit:

1) same as submerged transit, plus radar and visual
sighting from shere.

Time limits

a. = 30-day maximum to delivery point (including transit).

b. As short loading time as possible in port (12 hours should
be within reason).

Processing

a. Food for 50 + crew for maximum of 80 days.

b. Atmosphere for maximm of 80 days (if submersible has no

need of surfacing).
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¢. Adequate space for crew and passengers.
d. Servicing of piggy-back vehicles on way to phase B, if
necessary.

Distance for transit (see Fig. 1-3)

a. Home bases: assuming the four units are based on the east
coast of the United States, at New London, Norfolk,
Charleston, and Key West, respectively. This spreads them
out as far north-south as possible and still keeps them
within the Continental U.S., and at submarine supply bases.

b. Maximum one-way distance: 8400 miles, to Cape Horn.

c. Average cne-way distance for 80% of area covered: 3600

miles. This includes everything except northern Norway,
Africa south of 10°N, South America south of 10°S, and the
Mediterranean east of Majorca.

d. NOTE: Distance traveled by piggy-back vehicle would be

short in comparison with these distances, and therefore is

ignored.

Routing intermediate stops

a. Fueling stops: only constraint is that, to fulfill original

goal, no fueling will take place when mother sub is within
1000 miles of target area.

Cbjects to be delivered

a. Up to 50 men plus light personal equipment.
b. Piggy-back vehicle(s) for carrying passengers from dropoff

point in to shore.
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TRANSIT DISTANCES

i

o"

5400 mi ’
/ 'S

/
v eguaior
.
4
8400 mi
-~
m— -—-—-— : Indicates 3600 mile ranges

Figure 1-5
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Addresses and precision of delivery

a. Addresses: dropoff point for piggy-back vehicle would be
a short distance offshore (say, around 10 miles or less,
depending upon needs and circurstances), as close as pos-—
sible as the mother sub could get and still have a reason—
able safety margin for detection.

b. Precision: accuracy of at least 1/2 mile at dropoff of
piggy-back vehicle(s) to ensure reasonably good placement
of men on shore target.

Obstacles to delivery

a. Sea state: depends upon piggy-bank vehicle/swinmer selec-
tions as secandary delivery systems. Sea state 5 preferred
if possible (<30% of year), but problems here in this sub-
system may be difficult.

b, Wind: 1if piggy-back system operates on surface. Winds
accanpanying sea state 5, or about 18-20 knots.

c. Others: same as cbstacles to the transit itself.

Constraints on delivery

a. Subsurface when possible.
b. Personnel injury and vehicle damage.

Time limits on delivery

a. dropoff (piggy-back vehicle) to be as fast as possible,
depending upon vehicle selected. BAs separation time lengthens,
so do chances for system detection.

Prcbability desired for system success/confidence limits

a. As high as possible, using constraint of $50 million per unit.
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[NOTE: This {5 a perfectly satisfjactory way of
specdfying such Limits; i1 does, however, virfually

asswie a cost of at Least $50 x 10° per unit.]

B. BSecondary Vehicle Delivery of Men (Phase B)

1.

Objects to be delivered

a. Up to 50 men plus small amounts of perscnal equipment.

Object location

a. Piggy-back wvehicle(s) leave(s) mother sub after having
taken aboard the perscmnel.

Constraints: same as delivery constraints in phase A.

Obstacles: same as delivery obstacles in phase A.

Time limits: as fast as possible to minimize detection.

Processing
a. Underwater delivery: supply of air to passengers until

debarkation.

b. Surface delivery: nane.

Distance for piggy-back delivery

a. Distance will be limited by available water depth (i.e.,
how close in to shore the mother sub may approach). A
rouch estimate may be dbtained using data as follows:

1) average continental shelf slgpe = 2 fathoms/mile.

2) considering the mother sub should always work in water
at least 100 feet deep (for submerged delivery or for
ability to submerge quickly if delivery would be
surfaced).

3) from 1) and 2), then, average distance to shore from

piggy-back dropoff point would be ( )lCEU) = 8.3 miles.
2) (6
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4) rounding off, and adding same, then, it can be said
in general that the piggy-back wvehicle (s) would have
a one—way trip of about 10 miles, and counting the
trip back, after dropping off the passengers, total
distance would be 20 miles.

Delivery precision

a. Error should be no greater than 1/2 mile from dropoff point.

Success probability: same as phase A.

Five-Day Waiting Period (Phase C)

1.

6.

Constraints, dbstacles: same as phase A, parts 3 and 4.

Time limits: up to five days.

Processing: food, air for crew only.

Distance

a. Such that sub would return to rendezvous in time.

b. Sub has option to bottom if outer configuration permits.

Rendezvous precision: 1/2 mile, so that piggy-back vehicle(s)

may be vectored in properly for pick-up of personnel.

Success probability: same as phase A.

Secondary Vehicle Retrieval of Men (Phase D)

l.

2.

Objects to be retrieved: up to 50 men plus personal equipment.

Object location/precision

a. Surface vehicle: on beach, 1/2 mile.

b. Submerged vehicle: off beach, beyond surf, and deep enough

for submerged recovery, 1/2 mile (this based on swimmers
and piggy-back vehicle (s} having crude portable sonar
haming devices).

Remaining considerations: same as phase B.
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Transit Back (Phase E)

This is wmerely the reverse process of phase A, and thus no addi-

tional requirements are added.

Possible Auxiliary Missions

A,

B.

Coastal defense sub: using troop spaces for torpedc stowage.

Qceanographic research sub

1. Empty troop spaces for scientists/equipment.
2. Possible escape trunk lockout chamber.

Target sub for naval exercises.

[A commnon erron among system desdignens £ the presumpiion that
thene will be or may be substantial perlods of time in which the
Aystem may be used for auxdiliany missdlons, 1§ a sysiem does

indeed meet some human need, this {s ranely, Lif ever, the case.]
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MISSION PROFILE

EVENT

1. Decision to send troops: notification of ship
throuch respective commands.

2. Arrival at pier of ship and troops {ship from
operational area, troops from base) :

a. Loading of troops and equipment.

b, Loading of ship's patrol suplies (food,
spare parts, weapons, fuel).

| - Briefing of key personnel.
3. Departure:

a. Exit from port to diving point.

b. Submerge to transit depth as soan as possible.

4, Submerged transit to target area:

a. Fueling: must be arranged to allow no
replenishment during time sub is within
1000 miles of target.

{ b. Transit to point of piggy-back wvehicle(s)
dropoff. Can be to within water depth
not less than 100 feet to allow complete
submergence.

5. Piggy-back vehicle(s) delivery of personnel:
a. All passengers into vehicle (s}, or into
lockout charmber (s) if final design
utilizes swimmers alone.

b. Final navigational posit and vectoring
instructions to piggy-back wehicle(s).

c. Release.
d. Transit to beach and dropoff.

{ e. Return to mother sub; location visually .,
by infrared, or by sonar
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ROUGH TIME
FRAME EVENT
6. Waiting pericd:
{ a. Sub retires some distance from area.
5 days
maximum ) b. Circles/bottans/generally avoiding detection.
c. Returns at time and place of prearranged
rendezvous (up to 5-day pericd).
7. Piggy-back vehicles' retrieval of personnel:
4
a. Departure, with latest navigaticnal fix
and vectoring instructions.
6 hours b. Location of personmnel (infrared or sonar)
maxinam { and pickup.
c. Return to ship after similar locating
procedures.
LY
30 days 8. Subnmerged transit back to home port:
MEXI TR

a., Same as transit out.
9, Arrival in port:

a. Offloading/debriefing.

[Although these times appear reasonabfe, it 4is a general

nube that initial estimates which are based on the best and
most defailed analyses ane nevertheless much too Low. Such
analyses should be made and the resulis {ncreased by factons
which may vary rom 20% to several hundred percent depending

upon the novelty cf the operation.]
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LIFE CYCILE

Using the overhaul cycle cost graph below (Fig. 1-6), it can be seen
that an overhaul cycle of about four years gives very little increase
in swmarine life cost over the three-year cycle, and is even less in

cost than the two-year cycle.

VEHICLE
LIFETIME REPAIR 37
& BLDG. COSTS
RELATIVE TO
3-YEAR CVERHAUL 27

l b
0 1 2 3 4 " 6 7
YEARS BETWEEN OVERHAULS
Figure 1-6.

Taking the four-year cycle, and iterating a few times, the following
cptimum life cycle chart was obtained, using a total of five mother sub-
marine vehicles (the least number possible in order to have four on

continuous alert);

1
2
YUHICIES 3
4
5
5
: 6 mos. overhauls 1 6 week
docking

Figure 1-7
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From this, typical yearly and overhaul cycles were worked out

(see Fig. 1-8). Expected schedule between overhaul periods would be

roughly 60% at-sea operations (utilizing secondary missions developed

for vessel) and 40% in port for minor maintenance, on call.

Conclusions:
1) Five submarine "mother" wehicles,
2) Four-and-a-half-year staggered overhaul and short docking cycles.
3) With five owverhauls per submarine, life ewpectancy would be
27 years each. This is not unrealistic with present-day
state—of-the-art design and oconstruction.
TYPICAL YEARLY CYCILE
PORT
H H
8] % P 8]
L O 0 L
I OPS R OPS PORT | OPS R OPS PORT OPS I
Dl (D T (6} (4) (6) T (6) (4) (6) D
A (3) (3) A
Y Y
S S
(2) (3)
JAN

FEB MAR APR MAY JUN JUL AUG SEP ocT NOV DEC

Nunber of weeks indicated in parentheses.

Figure 1-8
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ORTIGINAL SUBSYSTEM DEFINITION

Hill and Structure (of mother sub)

1. Superstructure, tanks, and sail (if utilized).

2. Hull, hull accesses (including escape trunk {s}}.

3. Internal compartmentation (i.e., bulkhead arrangements) .
4, Piggy-back vehicle stowage facility (if utilized).

Power and Propulsion (of mother sub)

1. Main power plant (less shafting).
2. Associated auxiliaries.
3. Associated spaces design.

Stability and Control (of mother sub)

1. Main propulsor and shafting; main shaft seals.
2. Hovering systef.
3. Control surfaces (up to but not including hydraulic rams).

Fnvircnmental Sensing, Commmications, and Navigation (of entire system)

1. All equipment associated with above functions.
2. Associated spaces design, excluding control space.

Object Delivery and Retrieval (piggy-back wvehicle (s})

1. Design of piggy-back wehicle (s), including only the following:
hull and structure, power and propulsion, stability and control,
and life support.

Command and Control {of entire system)

1. Sensor display arrangements.
2. Control systems operation and systems (up to and including
hydraulic rams).

3. Associated control and auxiliary machinery spaces.
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Life Support (of mother sub)

1. Crew and passenger berthing/messing.
2. Food and medical stowage spaces.

3. Air revitalization.

4. Air conditioning.

5. Associated equipment and spaces.

Test and Training (of entire system)

1. Coordination and detailed planning of mission profile.

2. Developrent of crew/passenger training plans and requirements.
Coordination of this system's personnel requirements with
various commands involwved as a liaison function.

Terminals, Construction, Maintenance, and Logistic Support (of
entire system)

1. Selection of pier facilities and determination of alterations
required.

2. Tender alterations required.

3. SBhipyards: special requirements.

4. Fleet replenishment ships: alterations required.






CHAPTER 1T
PLATFORMS
EPTGRAMS

System nequinements showld dictate platfonm nequirements and
ned vice versa.

A ship L8 not the system,
Ship desdign 45 not necessanily platform design.
Any platform coupled Lo the sea surface 44 Sea-state-Limited.

Alreragt ane not designed fon occasional contact with the
Antenfpace--submarine design should be Like aircragt design.

General Purpose

The general purpose of a sea platform is to provide a survivable

locale from which or on which the general function of the sea system can
be accomplished. Where the mission requires spatial movement, then pro-
pulsion may also be a platform regquirement and, where the power required
for propulsion is the largest power requirement ¢f the system, then it
has been common to assign major power system responsibility to the plat-
form designer. For this reason, the platform as a system is generally
divisible into subsystems of hull and structure, and power and propulsion.

The nature of the platform is heavily dependent on the environment
in which it will gperate. Such environments include space, hich altitude
atmosphere, normal atmosphere, the air just above the free surface, the
air/water interface, just below the free surface, the ocean, and the sea
bed. From a design standpoint, therefore, we may categorize platforms
{including a subset called vehicles) in the following categories:

a. Spacecraft and satellites

b, Missiles and rockets

-75-
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c. Alrcraft
d. Seaplanes and amphibious helicopters
e. Hover craft and hydrofcil planing craft
f. Displacement forms
g. Semisubmersibles
h. Submersibles and submarines
i. Near-bottom vehicles
1. Near-bottocm vehicles in shallow water
2. Near-bottom vehicles which are semisubmersible
3. Near-bottom vehicles which are fully submerged
j. Bottom crawlers

k. Tunneling or tunnel vehicles

It is immediately apparent that this quite large range of platform
vehicle types is such that each has its own major technologically-
limiting factor, and the choice of the particular environment in which
the platform will operate will have a major effect on the entire sea
system, It is important for the system designer, therefore, to be
aware of the limiting problem or conditions for each of these classes
of vehicles and to be aware of the effect on interfaces which the

choice of one of these classes of vehicles will entail.

Atmospheric Vehicles (Missiles, Aircraft, Hydrofoils, Hover Craft)

Vehicles which operate in the atmosphere or outside the atmo-
sphere and which are launched or retrieved from the land fall outside
the scope of "sea systems." Vehicles which are launched and recovered
either from the water or from other floating platforms are, however,

greatly affected in their design by the characteristics of the launch and
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retrieval process.

The most ocbvious characteristic of aerospace wehicles is the
efficiency of the airframe or missile structure. The very ability
to utilize the environment requires a continuing design effort to
increase payload and reduce basic wehicle weight. Three basic design
trends result from these characteristics, as follows:

a. Optimization of structure to match maximum operating loads;

b. Optimization of contrel to ensure operation within design

limits;
c. Meticulous care to eliminate resocnant vibration modes within
the operating regime,

A few reminders of specifics will reinforce these points. The trend
in aerospace industry for increasing use of titanium, fiber-reinforced
plastics (boron and carbon filaments), for sandwich structures, and
for composites emphasizes the importance of strength to weight ratio
in structural design. The use of altitude- and acceleration-sensitive
auatomatic control devices in missiles, the use of radar for turbulence
avoidance and the extensive use of operation limit warning devices are
examples of optimized contrel to ensure operation within design limits.
Hydroelastic problems which have been encountered in operating designs
include divergence, flutter, vortex-induced vibration, and fatigue in
aircraft. The failure of the early Comet aircraft and the flutter
failures on the initial versions of the Lockheed Electra are classic
cases in point. In both instances, the failure modes were subtle,
requiring in the case of the Electra an initial springing of the engine

nacelle due to hard landing before the flutter mode could be induced.
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Missiles have also experienced destructive resonant excitations
in operating design. These have included "sloshing" and Helmholz-
type rescnances in liquid chambers and rather spectacular caxbustion
instabilities in solid propellant missiles. Rescnant modes of these
types are greatly aggravated by the inherent flexibility of the light
airborme structures.

The attenticn which must be paid to the fundamental problems of
aircraft and missile design is so great that the uninitiated are
apt to overlock the fact that, for systems which land or are launched
from the sea or sea-based platforms, the limiting design constraint
is most prabably during the launching and retrieval stage. Indeed,

a number of otherwise operational craft have come to grief or have
been canceled partly as a result of +his constraint. These include
the Seamaster, the Sea Dart and the Navy version of the F-111 {(i.e.,
TFX or F111-B). Because of the previmsly—rrentioned efficiency of
ctruicture, it is vital that the launch or retrieval pulse be appro—
priately distributed to the main structure and that its meximm valus
be controlled. Two major design features must be carefully developed
in order to meet these dbjectives:

a. The force generator in the catapult or retrieval mechanism;

b. The prediction and control of relative motions between plat-

form and aircraft.
Catapults and launchers have in general employed gas eject to achieve
the appropriate pulse. Traditionally, the use of campressed air
flasks which vent through a controlled valve into a plenum charber

has been employed. A major design hazard has been explosive
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dieselization resulting from the atomization and heating of hydrocarbon
lubricants or other materials which have been inadvertently intro-
duced into the design. A systems manager ought not approve the design
of any novel launcher or retrieval mechanism without demonstrated
assurances that this possibility has been fully investigated.

More recently solid propellant gas genecrators have been employed.
The simplicity, reliability and low volume associated with them have
on occasion outweighed the additicnal operating cost.

Retrieval mechanisms include the trip wire or other catching
device which is in turn attached to a piston which campresses a gas,
fluid, spring or combination thereof to achieve the deceleration.

The required deceleration characteristics are achieved through the
geametry of the piston and orifices and the elastic characteristics
of gases, fluids and springs.

The estimation of relative motion between platform and vehicle is
a problem which is sufficiently generic that it will be treated later
under the category of cbject delivery and retrieval. It should be
pointed out, however, that carrier landing systems have constituted
and do constitute a major engineering design undertaking, and at present
even the nost effective are limited by some sea state beyond which
it is unsafe to operate.

When the aerospace vehicle is intended to land in the water, then
for such a wvehicle the critical design factor is generally slamming or
impact. The large forces of impact result from the fact that, as a
body enters the water, not only is the body decelerated but the mass

of water surrounding the body must be accelerated to body velocity at
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the boundary and elsewhere, in accordance with the requirements of fluid
flow. To a first order this flow field may be determined on the assump-
tion that the fluid is incompressible and nonviscous and is represented
by ideal potential flow. It has been convenient for hydrodynamicists to
equate the integrated effect of the mass of fluid accelerated with a
hypothetical additional mass of the body which is known as the added
mass. When such substitution is made, the force on a body entering the

water may be expressed as follows:

t OF
i —_— = -
L 5 dt = mv (n&malvt

Here m is the mass of the entering or reentering vehicle, m, is the added
mass, vV, is the velocity at the vehicle entry, and V, is the velocity of
the vehicle in the water. Differentiation of this equation (see Szebehely
and Todd) yields

am

3 322 a 37
F= o) 567 T3 ae

The change of added mass with time is thus of vital importance in the total

1oad. The added mass at any instant of time is, in turn, a function of

the instantaneous configuration of the body geometry on the directional

motion of the body. It can be determined if the potential flow field

about the body is known or can be estimated. Techniques for estimating

the added mass of a body in the vicinity of the free surface have been

given by Landweber and Macagno (Journal of Ship Research, June 1967) .
potential flow analysis is not applicable for blunt bodies at the

moment of impact. It should be apparent that ideal flow analysis will

result in infinite forces at the moment of impact. In actuality, the

compressibility of the water and the vielding and/or the deflection
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of the structure will place an upper limit on the actual force experi-
enced. Pontoons or other reentry devices must therefore be carefully
designed with respect to the coupling with the hull proper, the con-
figuration of the pantoon on water reentry and, in particular, the
configuration with respect to the local surface of the sea (i.e., the
surface as disturbed by waves).

The most abvious exanmple of a vehicle which must enter the air/sea
interface is that of the seaplane. To date, nearly all of the seaplanes
which have been designed have been constrained by the nature of the
sea with respect to areas and times with which they can land. Thus,
the majority of seaplanes will choose to land in lagoons or sheltered
harbors, and on the open sea only in calm weather or under emergency
conditions. Experimental craft, such as the Sea Dart and the Sea
Master, never reached the production stage, partly due to technical
difficulties associated with the landing process and the potential
for catastrophe associated therewith. Other craft which are faced
with the necessity for emergency entry on the air/water interface or
occasional inadvertent entry on the air/water interface include such
vehicles as hover craft. This is another type of vehicle for which
the design problems of open-ocean cperation have not as yet been fully
resolved. Some craft must awvoid inadvertent reentry, such as high-
speed planing craft where the reentry conditions must be precisely
oriented or disaster will ensue. Hydrofoil craft will also be required
to reenter the free surface during emergency conditions when there is
a power failure or when same fajilure involving the foils occurs.

A large number of system constraints will be introduced as a
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result of slamming and impact for systems which utilize platforms
which reenter the water. Among these are:
a. The high prcbability that the maximum g-loading will be
determined by the slamming requirement.
b. The high prabability that the maximum vibration energies

and the spectral distribution of vibration energies will

be determined by the slamming and impact situation.

c. The orientation constraints on the platform and its appendages
during reentry. These constraints include:

1) Restraints on orientation with respect to direction of
seaway and wind, and constraints on the attitude at
reentry of the platform and its ability to perform
maneuvers during the reentry phase;

2) The nature and maximum value of burst power requirement.
This may be a constraint if the decision tc reenter is
based on a go/no—ge basis just prior to entry through
the air/water interface or if launch runways are limited
in size;

3) The requirement for appropriate distribution of spray and
splash during the reentry phase. Failure to provide for
this can have vital systems effects as, for example, its
effect on visibility in the cockpit, or on the ingestion
of fluid in the propulsion system;

4) The heavy configuration constraints on payload volume
which will generally result if the shape of the hull

(v-form) is constrained by reentry cansiderations. This
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will be particularly true if there is a subdivision of
space as a result of requirements of the main structural
girder.

Vehicles which are fully coupled to the free surface, such as
displacement craft, may or may not find that slamming and impact are
the limiting conditions. If the vehicle is of sufficiently deep
draft and size, then there will be very few, if any, conditions in
which the forefoot of the vessel will be raised out of the water and
require reentry conditions. When slamming and impact are not the major
design limitations for vehicles fully coupled to free surface, then
the major systems problem is associated with the maximm motions and
orientations which the vehicle will experience. It is therefore
important to stipulate the maximums of sea state and swell which will
be encountered at various points in the mission profile and to deter-
mine for the wehicle the spectrum of motions which will result there—
fram. Surprisingly enough, this has not been the general practice in
the design of sea systems with which the author is familiar, but, in
those instances where it has been accamplished, major system deficiencies
were uncovered and major design changes were made, resulting in highly
successful system performance. The major design barrier to the approach
recommended here has been the difficulty in adequately determining
the appropriate spectrum of motions and orientations. If it is recog~
nized that overpreciseness in determining the spectrum is not required,
then more approximate but satisfactory results can be obtained. Nume-
rous theoretical spectra exist, including those by Darbyshire, Neuman

and Pierson. These spectra are generally related to sea state and the
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systems manager ocught to assure that an appropriate spectrum is chosen
which is based on empirical evidence for the areas in the ocean in
which he expects the system to cperate. If then the transfer function
for the platform in regular sinusoidal waves is known, then the
spectrum of motions may be dotained by simple linear superposition.
While the complete validity of such linear superposition may be ques—
tioned, enough empirical evidence exists (see studies by the Stevens
Tnstitute of Technology) to indicate that a reasonable design spectrum
results.

when the motion spectrum is known and the speed and volume require-
nents have been established, then a first cut may be made on the plat-
form configuration. This approximation will then determine the follow-
ing interface characteristics:

a. The maximum orientations and motions which subsystems located
aboard the platform will experience.

b. The number of cyclic variations of motion and the spectral
distribution of the motions, which will be experienced by subsystems.

c. Configuration constraints on the volume, such as those imposed
by structural configuration requirements of the main structural plates
and frames. Foundation limitations imposed by the maximum deflections
of hull and deck plating and structure and cyclic variations in deflec-
tion resulting from deflections of hull and deck plating and structure.

d. Frequency of occurrence of wetting and dryind., of subsystems
located in various portions of the platform.

e, Tenperature.regines which will be experienced by subsystemns
exposed to the hull, noting that this temperature recime will be bimodal,

depending upon whether the platform is continuously exposed to the
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water or is exposed to the atmosphere where a very markedly differ-
ent range cf temperature characteristics is to be experienced.

f. The major hydrodynamically-induced effects, such as cavita-
tion, free-surface llapse, air entrainment, and vortex—induced
Phenarena will be determined by the choice of platform.

g. The availability of atmosphere and atmospheric oxygen to
various locales and places of the platform.

h. The availability of over-the-side, over-the-fantail, or over-
the-bow access for the transfer of goods and material.

i. The distribution of stack gases, noxious gases and other
pollutants which are produced by the platform and its propulsion sys-
tem and the configuration with respect to the platform,

If a conventicnal displacement hull has been chosen, the system
Mmanager need not have major concern with respect to the choice of hull
form, optimized power for a specific form, structural configquration,
stability, seakeeping characteristics, etc. These aspects of ship
design have been so fully explored by the Naval Architect profession
that many differences in design between differing naval architects
are only nuances insofar as the performance of the total system is

concerned.  Indeed, a major problem of sea system designers is to

force the rejection or modification of the conventional hull form to

meet system requirements at the expense of conventional ship perform-

ance. For example, it is the author's view that most oceanographic
ships should have a centerwell located near the position of minimmum
ship motions through which test and towed gear can be lowered or raised.

The existence of such a centerwell can cause structural and speed and
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pover inefficiencles as compared with a standard hull. These ineffi-
ciencies are trivial as campared with the hazard, the time and the
inconvenience of raising and lowering gear over the fantail or over
the side. Despite the excellent experience of those few oceanographic
ships that have employed the centerwell (USKS Mizar, for example) ,
very few oceanographic ships have been so designed.

Another example is the catamaran which pays very heavy structural
penalties through the loads imposed on the bridge which connects the
mulls together. Such wehicles are, however, highly mission—effective
for drill rigs, where stability of the surface platform is important,
or for small submersible tenders where the at-sea recovery of the sub-
mersible is a system requirement.

The system manager will therefore face his most difficult decisions
when dealing with displacement forms which are highly nonconventional.
Nearly all displacement forms are sea-state-limited; that is, there
will be some combination of sea and swell in which the damage which
will accrue to the structure is unacceptable or, in the altermative,
safety of life and structure are imperiled. At the present time, it is
nard to conceive of any class of floating structures or fixed platforms
which have been designed to operate in the open ocean, which have not
experienced complete catastroghe at high sea states. Each year the total
mumber of conventional ships in the merchant marine which are complete
losses as a result of stranding, foundering, collision, or other casualty
of the sea is in excess of 200 ships per year. The loss rate on drill
rigs and floating offshore platforms remains high despite improved design.

For example, over a ten-year period, 1955-1965, at least twenty-three
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major accidents inwelving a loss in excess of one millicon dollars

took place with respect to oil rigs of all types and varieties. The
loss rate on unmanned buoys in the open sea is wvery high indeed and,

in point of fact, there have been only a few instances in which buays
deployed in the gpen sea have had any appreciable life span. These
buoys have included the Namad buoy and the Monster buay designed by
Convair, the Isaacs buoy of the Scripps Institution of Qceanography,
and one or two other unique designs. It is true that large displace-
ment platforms, such as aircraft carriers or supertankers, can be shown
to have acceptable moticns even in the highest sea states of record.
Nevertheless, such platforms have sustained severe damace in extremely
high seas because of the breaking of waves over the superstructure. The
slamming impact forces associated with such wavebreaking are extremely
difficult, if not uneconomic, to design and as a consequence, although
survivability is not at stake, effective operation, even for such large
ships, is precluded in extremely high sea states. Table 2-1 is a table
of the Pierson—Moskowitz Sea Spectrnum which is characteristic of the
type of seas which are experienced in the mid- and north-Atlantic oceans.
In the north Atlantic, sea state 5 can be expected to be encountered
about 10% of the time, whereas sea states 8 and ¢ are very rarely, if
ever, encomntered. The systems designer must determine the sea state
in which he will desire his platform to operate, the sea state in which
he desires his platform to survive and, if the survival sea state is
less than the maximum experienced sea state, he must provide some form
of alerting or warning system together with same form of transportation

system to ensure that the platform is removed to more sheltered waters
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; SIG. WAVE PER. CF AVERAGE AVERAGE
| SEA HEIGHT SIG. RANGE OF MAX. ENERGY  PERIOD WAVE LENGTH
[STATE 1IN FEET PERIODS IN SEC. IN SEC. IN SEC IN FT.
.0 0.10 0.34 - 1.09 0.87 0.62 1.31
+ 0 0.15 0.42 - 1.33 1.07 0.76 1.97
! 0.50 0.77 - 2.43 1.%5 1.39 6.57
o1 1.00 1.09 - 3.43 2.76 1.96 13.14
i1 1.20 1.19 - 3.76 3.02 2.15 13.76
L2 1.50 1.34 - 4.21 3.38 2.40 19.70
2 2,00 1.54 - 4.86 3.90 2.77 26.27
2 2.50 1.72 = 5.43 4,36 3.10 32.84
2 3.00 1.89 - 5.95 4.78 3.40 39.41
3 3.50 2.04 - 6.43 5.16 3.67 45.98
3 4.00 2.18 - 6.87 5.52 3.92 52.54
3 4,50 2.31 - 7.29 5.86 4,16 59.11
3 5.00 2.44 - 7.68 6.17 4.38 65.68
4 6.00 2.67 - 8.41 6.76 4.80 78.82
4 7.00 2.89 - 9.09 7.30 5.19 91.95
4 7.50 2.99 - 9.41 7.56 5.37 98.92
3 8.00 3.08 - 9.71 7.81 5.55 105.09
5 9.00 3.27 - 10.30 8.28 5.88 118.22
5 10.00 3.45 - 10.86 8.73 6.20 131.36
5 12.00 3.78 = 11.90 9.56 6.79 157.63
3 14.00 4.08 - 12.85 10.33 7.34 183.90
6 16.00 4,36 - 13.74 11.04 7.84 210.17
6 18.00 4.63 - 14.57 11.71 8.32 235.45
6 20.00 4,88 - 15.36 12.34 8.77 262.72
7 25.00 5.45 - 17.17 13.80 9.80 328.40
7 30.00 5,97 - 18.81 15.12 10.74 394.08
7 35.00 6.45 - 20.32 16.33 11.60 459,76
7 40.00 6.90 - 21.72 17.46 12.40 525.43
8 45.00 7.32 — 23.04 18.52 13.15 591.11
8 50.00 7.71 - 24.28 158.52 13.87 656.79
8 55.00 8.09 - 25.47 20.47 14.54 722.47
8 60.00 8.45 — 26.60 2]1.38 15.19 788.15
9 70.00 9.12 - 28.73 23.09 16.41 919.51
9 B0.00 9,75 - 30.72 24.69 17.54 1050.87
9 90.00 10.35 - 32.58 26.19 18.60 1182.23
9 100.00 10.91 — 34.34 27.60 19.61 1313.59

Table 2-1. The

Pierson-Moskowitz Sea Spectrum
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in time to avoid the destructive sea state. It cannot be overempha-
sized in this text that failure to so provide invites catastrophe and
that catastrophe at sea is not an uncammon occurrence, and has been
experienced with the rost competent of designs throughout history, even
to the present generation of supertankers.,

The systems designer should by no means presume that his free sur-
face prablems are resolved through use of the semisubmersible or the
submersible which is moderately close to the free surface. While it is
indeed true that the motions of the semisubmersible will be greatly
attenuated over that of the surface displacement form, nevertheless,
substantial interactions with the free surface can occur. One of the
most commonly overlooked of these interactions is that of shoaling. When
the velocity of water which passes over the submersible is approximately
equal to the vgh where h is the depth of submergence, then the flow field
must be critically examined. LIf, for example, the flow field passes from
a value of Vgﬁ'Of greater than 1 to a value which is less than 1, then
the deceleration of the fluid will not take place without the formation
of a hydraulic jump, a consequent loss of energy, and a change of the
flow patterns associated with the submersed cbject will occur., For
example, 1f a hydrofoil cr pitching fin is exposed to this regime, then
heavy vibraticnal patterns can be set up which result from the formation
and decay of such hydraulic jumps or rollers. Ancther freguently-
overlooked phencmencn is the net vertical lift force, which results from
the passage of waves over a body. This is a Bernoulli-type effect which
results from the increase in velocity induced by the wave. The effect

is quite independent of the phase of the wave, since same velocity component
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will be present at all phases of the wave and therefore a net lifting
force will be present. The magnitude of the lift force is proportional
to the square of the velocity and varies with depth in proportion to

e 2Kh i variation in depth results in a very unstable situation.
1f, for example, a train of waves passesS over the dbject in which the
amplitude of the train of waves varies by a factor of 10, the force on
the dbject which tends to 1ift the dbject up will vary by a factor of
100. In addition, if the cbject is controlled in depth by a ballast,
then the cbject will be drawn to the surface unless extremely high rates
of ballast movement are provided for. Many other subtle systems effects
associated with such things as cavitation, air entrainment, surface
biclogics, will be introduced by the use of a near-surface semisubrer-
sible and the systems designer should be very wary of such problems, and
should require an accounting of these problems and a method of dealing
therewith on the part of the subsystems manager.

The true submersible which operates continuously at depths of water
in excess of approximately 300 feet and which operates in water whose
depth is 1,000 feet or greater has the great advantage of being free of
the many difficult problems of the free surface. Not many systems
designers take advantage of this freedom, since it is all too easy to
impose requirements which will force the submersible tO operate or to
be designed to operate on the free surface in heavy seas. This emergency
design condition has not been oconsidered a constraint by many designers,
but in fact makes critical differences in the weight and type of struc—
ture which must be employed in the submersible. In an overly-crude

analogy, this is somewhat analogous to designing an aircraft to make
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occasianal contact with the land between airfields. Such a requirement
would preclude efficient airplane design just as a free surface require-
ment now precludes and would preclude efficient submarine design. If
the system designer, by strength of will, is able to ensure design con-
ditions which will preclude cperation of the submersible in all but the
calmest sea states, then the entire nature of his design constraint is
markedly changed. The chief problem which he will now face is one of
hull and structure and, nore importantly, one of optimization of payload
with respect to displacement. In gereral, most equipments for submer-
sibles have been placed within the pressure hull and the hydrodynamic
and pressure-hull boundaries have been identical for the significant
portion of the vehicles. As the trend toward deep submarines increases,
and as the pressure-hull design becomes increasingly critical with
respect to materials, fabrication and construction, there can now be
dbserved design trends which a) maximize the amount of machinery and
equipment that are free-flooded, pressure-compensated, or contained in
a separate compression compartment outside the pressure hull, and

b) minimize the volume and equipment which are enclosed in the hull.

In both shallow and deep water, submersibles which move in the direc-
tion of either end of the spectrum can be identified; for example, in
shallow water the wet diver transport vehicle is an example of a sub-
mersible which carries humans and has no pressure hull, and in deep
water the cable-controlled underwater recovery vehicle is a wvehicle,
consisting almost entirely of free—flooded machinery and components,
which is utilized for unmanned work on the ocean floor. On the other

hand, the conventiconal miljitary submersible has almost all of its
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equipment inside the pressure hull and in deep water such subnmersibles
as the Aluminaut and the Alvin are examples of vehicles which have a
high ratio of pressure-hull volume to vehicle volume. There is not
evident, therefore, a simple principle for determining the envelope
of a pressure boundary for a suomersible, but there are evident scme
basic approaches and tradeoffs that would quide the designer to

reascnable if not optimum design.

Camponent Location

Initially, it is necessary to identify those components which must
be exterior to the pressure hull, free-flooded or pressure-conpensated,
and those which must be interior to the hull. Such classification
itself is a function of technology and current states of the art; and,
for numerous components, it will be many decades before there exists
any change in the indicated categorization.

Exterior Components. In the category of components which must be

exterior, the following can be identified:
Propellers
Control surfaces
Emergency ballast
Sonar transducers
Flectromagnetic antennae
Running lights
Andhors
Manipulators and mating attachments

Towing, mooring, and docking attachments
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Interior Components. Among camponents which must be interior, the

following can be identified:

Man (at depths greater than 1000 ft or in vehicles having
depth excursions greater than 30 ft)

Life-support and atmospheric control

Hand and foot controls, seats, and other physical oonnections

to man

Voice communication transducers

Control signal generators

Vacuum tubes and other non-pressure-carpensated electronics

Emergency power

Emergency ballast release
If the glass-hulled submersible is excluded fram the categorization,
the list can be expanded to include visual displays and lights.

Exceptions. The sparseness of this list is somewhat surprising

until one recognizes that, whereas the majority of submersible compo-
nents can be classified as "usually exterior" or "usually interior"
to the hull, the applications are not mandatory, and exceptions can be
found in current submersibles or submersibles being designed. For
these components, individual analysis of each is needed to determine

whether it belongs inside or outside the pressure boundary.

Weight and Volume Components

The weight and volume relationships on which choice of component
location is based are relatively simple. If the component is located

inside the hull, then the following relationship obtains:
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Welght Incremental Weight
of the + weight + of
componernt of hull ballast _ 1.0

Incremental displacement of hull
Here the incremental weight of the hull is the tonnage that results
from the increase in hull size and the increased weight which results
from the penetrations required to accommodate the comonent. In the
case of shaft and shaft seals, for exanple, incremental weight may be
decisive in the placement of propulsion motors.

The weight of ballast becomes an item where the geometric configu-
ration of the component (a) is such that, when the camponent is enclosed
in a pressure capsule, the volume it occupies results in a net buoyancy,
or (b) regquires the addition of stabiiity lead (although this may be
acconmodated outside the hull}.

Incremental displacement of the hull is the hull-displacenment
increase resulting from the larger hull size required to accommodate the
component plus the displacement of compensatory or stability lead if
located ocutside the pressure hull.

If the component is located outside the hull, then the relation-

ship is as follows (W = weight, D = displacement):

W Pressure Incremental Buoyancy
of the + compensator -+ W + material
component W of hull W ~ 1.0
D Pressure Buoyancy Incremental '
of the + compensator + material + D
component D D of hull

Here the weight of the component may be quite different fram its weight
in air as a result of the design changes required to adapt the component

to a pressurized fluid-filled environnent.
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The incremental weight of pressure hull results from the penetra-
tion required by location outside the hull and is, in many cases of
electrical penetration, quite trivial. BAlso associated with the pene-
tration, the incremental displacement of the pressure hull can be
neglected in most cases.

For a weight-limited system, comparison of the resulting total
weight for each alternative can be the decisive factor in the choice;
and, for a volume-limited system, comparison of displacements can be
equally definitive. Tf the weight, volume, reliability, maintain-
ability, configuration penalty, and cost of the component in its free-
flooded or pressure~conpensated configquration are the same as for
configuration inside the hull, then the choice is determined by co-
paring the pressure-hull weight to displacement ratio (W/D) to the
buoyancy-material weight to displacement ratio (W/D). If the W/D of
the buoyancy is smaller than that of the hull, then the component
should be located in the free-flooded spaces and vice versa,

The basic relationship tends to override other considerations to
the point of either forcing the design to be a maximum pressure hull
with minimum exterior components or a minimum pressure hull with maxi-
mm exterior components. As a consequence, the shallow-water wehicle
for which low W/D can be obtained in the pressure hull with conven-
tional materials has, generally, a large pressure hull, whereas the
deep-ocean vehicle with a pressure hull of unconventional material
tends to have a minimal pressure hull.,

It is evident from the foregoing that the W/D of the hull and the

W/D of the buoyancy material which are utilized in a submersible are
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critical in choosing the major design configuration of the subrersible.
The W/D values available to the designer are a function of the depth
requirenent, materials available, fabrication techniques, and ability
to analyze the structure. TO & first order, the choice of materials
determines the ratio (W/D)of the hull and bucyancy elements for any
given depth. It is an immediate oversimplification to base the first
rough iteration of hull dimensions on the dharacteristics of the parent
material wnder consideration. On the contrary, ay material mist be
considered within the context of its fabricability, the type of struc-
ture with which it is compatible, the ability to be welded, joined, or
penetrated, its degradation by flaws and imperfections, and uncertain-
ties resulting from limitaticns in nondestructive methods of test (see
pPellini}. In a broad categorization, one can differentiate between

the metallics and the nonmetallics as shown in Figqure 2-1. It can be
seen that a very substantial difference exists between the utilization
of either high-strength steels or titaniums, and this includes the
possibility of aluminum and the nonmetallics. The normetallics include
fiber-reinforced plastics, such as fiber glass with epoxy resin, carbon-
reinforeced plastics, boron-reinforced plastics. It also includes
ceramics and solid glass. At the present time very few, if any, non-
metallic hulls have been constructed for manned cperation other than
on an experimental basis. The systems manager should therefore be very
wary of any proposal to provide a platform made with such material.
Nevertheless, the developing state of the art for such materials is
moving quite rapidly, and ane can anticipate the increasing use of non-

metallics for unmanned vehicles at depths up to 1000 feet in the next
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Fig. 2-1. Projection of maximim strength-weight characteristics of
pressure hulls for Navy small submersibles.
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few years and for depths up to 20,000 feet in the next decade.

For most submersible design, the limiting structural stress is
that related to one of the modes of buckling, rather than the principle
of compressive stress that derives from the normally-deflected struc-
ture. The ability to compute the depth at which a structure will
puckle is extremely difficult, particularly in the case of coptimally-
designed metal structures, since such structures will be designed so
that elastic yielding will occur at the same time that buckling becomes
critical. Such structures must therefore be analyzed, utilizing
theories of inelastic buckling which, in turn, limits the analysis to
that of simple spheres or ring-stiffened cylindrical structures. Even
here, many modes of buckling must be differentiated: the mode of
generalized instability in which the structures buckle as an entity:
the mode in which the buckling occurs between frames in an accordion
style; and other higher harmonic types of buckling which can occur in
the plates with many modes either around the periphery of the hull or
between the stiffeners. If an optimal structure is required, and if
operating conditions will result in effective utilization of the struc-
ture at or near the critical buckling point, then it is absolutely
mandatory that large—scale (approximately one-half scale) structures
be built and tested before a final design is determined. It is even
highly desirable to test one prototype of a given class of submersible
to destruction in order to determine the depth and the mode of failure
which will actually be experienced. Even with the benefit of computa-
tion and test, the depth at which a structure will in fact fail is

critically dependent upcn the manufacturing tolerances. The systems
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designer will find that his costs are highly dependent upon the degree
with which tolerances must be kept, and that rather large penalties
can be paid if extreme efficiency is required of the structure. In
addition, highly efficient structures must be protected against sub-
sequent deformation, heat treatment, chemical action, erosian, and
other extraneous effects which would have the potential for greatly
reducing the depth at which oollapse will occur.

A projected estimate of the W/D ratio which can be effectively
realized for hulls of different materials and in different time scales
is shown in Figure 2-1. Dates have been changed fram earlier estimates
in this chart to reflect same deceleration in the naticnal support
of research and developrment. The subsystem designer's choice in sub-
rersibles is thus limited at present by the state of the art in mate-
rials fabrication and design. While rapid progress can be made in
these areas, the systems manager should assure himself of "alternatives"
which, though less optimal, will meet system schedules and tire.

The safety alternatives in submersible design are chiefly in pro-
vision of buoyancy materials which can compensate for the additional
weicht of hull resulting from misestimate of hull weight or from the
need to shift in selection of hull material or structure. Two approaches
to buoyancy have been taken: use of a) materials whose net density
as campressed is less than sea water and b) buoyancy structures.

In the case of buoyancy structures, the problems of buoyancy are
the same as those of the pressure hull except that the structure can
be a simple sphere without hatches or penetration, and the size can be

oonsiderably smaller. As a result, materials for buoyancy structures
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will be available several years ahead of materials for manned pressure
structures. The disadvantages of buoyancy structures arises from the
requirement that the material and structure has a reliability as great
as the pressure hull or, in the alternative, that the vehicle be safe
against mutually induced inplosion. In addition, the spherical configu-
ration adds another inconvenient shape for packaging within the overall
vehicle envelope.

The alternative to buoyancy structures is buoyancy materials.
Liquids, solids, and gases are suitable for consideration. The number
of fluids with a density significantly lower than that of water is very
limited. Indeed, the only fluids which have been erployed are the
higher fractions of petroleum, ranging from kercsene with a W/D of
0.72 to gasoline with a W/D of 0.60. When structure is added for con—
taimment of these fluids, the effective W/D of gasoline rises to apout
0.80 - 0.85, and fluids having a W/D greater than this value are prac-
tically ineffective.

Solid materials which can both resist compression and remain
neutrally buoyant also are very limited. In fact, except for solid
liquids such as paraffin, solid materials actually are multiple-pressure
structures in which the failure mechanisms are SO random and statistical
that only an approximate collapse depth can be ascertained.

The most effective and useful materials for buoyancy have proved
to be the syntactic foams, which actually are composites of glass spheres
in an epoxy matrix. The spheres are sufficiently small (400u) that
the failure of one or more will not induce mitual implosion or seriously

affect buoyancy. Syntactic foams having a depth capability of at least
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20,000 ft are available in W/D of 0.7, and they should be available
shortly as proved material at 20,000 ft with W/D ranging as low as 0.65.
The great advantage of the syntactic foams is that they can be cast in
place and can fill voids of arbitrary and unusual shape. In design,
therefore, a syntactic foam can be employed as a highly flexible

"negative lead."

Subsystem Interactions

The selection of a submersible of long endurance relieves the
systems manager of a great many prcblems associated with the free sur-
face. These include freedom from interference by ice. As a result,
large submersible tankers for Northwest Passage operation are now under
consideration. These not inconsiderable advantages are coupled with
a nunber of constraints on other subsystems. These include:

a. The nonavailability of atmospheric oxygen;

b, The nonavailability cof celestial or electromagnetic navigation

references;

c. The loss of the atmosphere to gquarantee a fixed ambient

pressure within the vehicle;

d. The limitation cn use of hull or piping for thermal reduction

and heat rejection;

e. Limitations on numbers and types of penetrations through the

hull. For example, main propulsion shaft seals at depths
in excess of a few thousand feet will be difficult if not
impossible to accommodate.

f. ILimitation on access and stowage imposed by hull shape and

configuration. For example, the need for all nonpermanent
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equipments to be removable through a limited size hatch

(e.g., 25 inches). Such a limitation has proven critical; for
example, in the design of swimmer transfer vehicles for which
the hatch diameter compatible for entry by swimmer fully
equipped with SCUBA (approximately 40 inches) is not compatible
with structural efficiency of the transfer vehicle pressure
hull.

The shape of the hull will also prove troublesame, the
ideal structural sphere being in general incompatible with
space arrangement for electronic cabinets or instrument modules,
or orientation of the human body, etc. On the other hand a
pressure hull which would be cptimized for volume considerations
is not yet amenable to calculations for buckling depth or mode.

g. The structural requirements of the hull will also limit the
ability to locate and place structural mounts ard hard points.
In some instances this has necessitated the use of an internal
"bird cage" which permits the spreading and distribution of

normal loads to the hull and minimizes localized shear.

Near Bottam Vehicles and Platforms

The selection of a platform or vehicle which operates at or near
the bottom quite cbviously introduces additional design preblems. The
system designer should again differentiate between platforms which
operate in depths of less than 200 feet (approximately), those which
cperate in deeper water but have a connection to the free surface region,

and those which operate in deep water with no effective interaction with

the free surface.
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The most difficult design problems are associated with platforms
and wvehicles which must operate for protracted or continuous periods
of time in unsheltered waters whose depth is 200 feet or less. The

system designer will be well advised to avoid such platforms if there

is any other mechanism for accomplishing his mission (i.e., the use

of tumnels, helioopters, the construction of breakwaters, operation in
deeper water, providing means for rapid dispersal of platform and
associated equipments, etc.). If the designer is so unwise as tec elect
to construct a permanent or semipermanent installation, then a most
rigorous and searching review of the following design factors mast be
made before the subsystem manager is authorized to proceed with that
alternative.

a., Annual variation in local spectrum of sea and swell with
detailed accounting for reflection, refraction and amplifica-
tion factors due to topography of the bottom, the shoreline
configuration and other local hydrographic anomalies.
Estimates of magnitude and frequency of worst-case conditions
(i.e., l0-year, 50-year or l00-year storms) mist be included.

b. Amnual variation in local distribution of wind velocity and
direction together with pattern and types of storms which may
be experienced. Estimate of magnitude and frequency of worst-
case estimates are also required.

¢. Local distribution of current velocity and direction and
estimates of maximum values and vertical distribution.

d. Iocal patterns of sediment movement under prevailing winds
and currents and patterns of sediment movement during charac-

teristic storms.
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e. Estimates of the interaction of the proposed platform with
each of these environmental phenomena. Particular attention
should be paid to shoaling phenamena.

£. Ipcal estimates of ice and surface debris and estimate of
the effects of envirommentally-induced interactions between
the platfoxrm and the ice and/or surface debris.

g. Estimate of hazard to navigation and probability of collision
under adverse environmental conditions.

n. Full investigation of properties of sea bed, including bearing
strength of sediment and subsoil potential for scour and
probable scour patterns.

In coping with this environment the designer may have the choice
of a vehicle or platform which is neutrally buoyant and proud an the
bottom, one which is barely resting on the bottom or one which derives
aubstantial support fram the bottom. In the first instance, the major
problem is stationkeeping, particularly in heavy weather. This is com-
pensated by the ability to move from station during adverse conditions.
In the latter instance, fixed position is maintained at the expense of
design for heaviest sea state. Unfortunately, the soil mechanics prob-
lems of the sea bed are not as yet on a fully scientific basis. A num-
ber of major platform failures have occurred because of fluidized move-
ment of the soil under one or more supporting legs of the platform with
consequent tilting and/or structural failure. If it is recognized that
the upper layers of sediment on the sea floor are, by and large, poOIoOus
media, then the designer will assure that the foundations are installed

below the lowest level of anticipated scour and below the lowest level
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of significant hydrodynamic movement on the basis that the sediment
is a porouws media exposed to current arxd wave velocity at the sea bed.

The intermediate case includes such vehicles as wheeled submersibles,
tractors and sleds., It is the author's experience that, where currents
and wave effects are small, the use of wheels or traction is a decided
disadvantage. This is true since the control forces and resistance
for a hovering craft are small and wheels and tractors are subjected
to sharp impact forces in uncertain terrain. Where there is a signifi-
cant current, however, wheels and tractors may be the only effective
means to cope with drag-induced forces and moments due to cross—currents.
The initial commercial use of manned submerged bulldozers in Japan is
a forerunner of a substantial class of such vehicles which will have the
requisite mobility to leave the area in the presence of storms and, at
the same time, to operate in the face of tidal currents and waves.

When operating near the bottom in deep water, vehicle and platform
problems are mich more simplified unless an urbilical cord or cother
attachment to the surface is required. Three configurations of signifi-
cance to the systems designer can be identified.

a. The submerged vehicle is by itself negatively buoyant and is
held in position with respect to the bottom by a float (ship,
bucy, platform} at the surface.

b. The submerged vehicle is by itself positively buoyant and is
held in position with respect to the bottom by a clamp affixed
to the bottom. The clamp is in turn connected with a ship or
buoy at the free surface.

c. The submerged vehicle is by itself neutrally buoyant and is
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coupled to the free surface with minimal forces necessary

to sustain the umbilical.
The first configuration poses the most difficult mooring-line and
arbilical problems. 'The analysis of the cable tension is well nigh
intractable because of the dynamic behavior of the cable under end-
point loadings which, on the one hand, are coupled to the free surface
and, on the other, to a dynamically free body. The avoidance of resonant
modes is extremely difficult. Where the operation is confined to a
relatively small area, mode b is far superior and, where the operation

is moving in a continuous track, operation in mode c¢ is preferred.

Subsystem Interactions

The major subsystems interactions for vehicles operating near the
bottom results from the character of the bottom and include:

a. 'The introduction of silt into machinery and cordenser systems;

b. The reduction in visibility due to disturbance of sediment;

o. Reflection, refraction and masking of sonar signals due to
the nature of the terrain;

d. The introduction of benthic biologics and biologic fouling
agents into subsystems;

e. The exposure of externally-mounted subsystems to possible

impact.
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PLATFORM
(POWER AND PROPULSION)

EPIGRAMS

The most effective sustained fusion power plant <s the sun.
Atmospheric oxygen makes a winner ouf of fessil fued.

Soecety tabus are the Limiting factor on the use of nuclean
power systems.

The fuel cell would be competitive if someone could build one.

CLosed~cycle submensible systems would be competitive if
someone would build one.

Power and Propulsion

The clear advantage of submerged platforms and vehicles from the
standpoint of forces and moments would dictate their more extensive use,
were it not for the problems of power and propulsion. The availability
of solar energy and atmospheric oxygen have to date made surface-
operated power systemns the least costly and therefore the most exten-
sively employed. Thus, in conventional discussions of power and propul-
sion the greatest concentration will be cn comparison of such atmospheric
systems as the gas turbine, the diesel engine and the steam generator.
The extensive literature on these systems belies the fact that from a
systems standpoint the tradeoffs between these atmospheric oxygen com-
petitors are often only marginal. The systems designer ought to recog-
nize therefore that his major choice dilemma will arise when, for other
systems reasons, he desires to use a power source that is not air-
breathing. He must therefore take a more generic view and recognize
that the choice of a total power plant begins with the selection of an

energy source, and then the conversion of the energy source to desirable

transmitted power.
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Table 2-2 lists the relative ranking of energy sources in terms
of the Btu's per pound of fuel and oxidizer (or energy storage material).
Environmental constraints have inhibited or advanced the use of most
of the elements in this table, and they should be understood by the
systems designer.

Only one fusion poWer SOUICe now exists, i.e., the sun. Its use
is greatly censtrained by the diffusion of solar radiation and the
large arrays which are needed to absorb adeguate quantities of solar
energy. Its diurnal and seasonal availabilities are also significent
factors in its effective use. When combined with the rotative energy
of the earth and moon, the sun can be conceived as the prime source of
encrgy for conversion into the mechanical energy of wind, wave, tide
an@ current. Despite the sole reliance on these poweI SOUrces of only
one hundred and fifty years ago, many system and component designers
fail to employ them today. A notable exception in modern ocean gystem
design is the SKAMP budy which utilizes a camputer-controlled "sail"
to maintain the buoy in an approximate position in the ocean. The
author anticipates that the effective design of offshore floating
islands will similarly require sailing appurtenances to maintain approxi-
mate position in the ocean to avoid large, expensive and pOWer—COnSUming
propulsion devices.

The most prominent new SOUrce of power is fission, either with
nuclear reactor or from isotopic sources. The primary reduction from
the idealized efficiency results from the reactor shield. For example,

the weight of primary and secondary shielding for 16 kilograms of U235

is approximately 1500 tons (see SNAME TRANS, vol. 65, 1957, Rickover et al.).
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Table 2-2

Fuel Oxidizer

Energy Storage per Pound - Fuel Oxidizer Systems

Energy Stored Btu/lb

Fusion (ideal)

Fission {(ideal}

Fission {weight of shield included)
Hydrocarbons in atmecsphere

Hydrogen + Oxygen (ideal)

Hydrazene + Hydrcgen Percxide (66%)
Hydrogen + Oxygen {(crycgenic storage)
Hydrogen + Oxygen (compressed gas)
Storage Battery, Silwver Zinc
Storage Battery, Lead Acid
Flywheel (200,000 psi)
Elasticity of Spring

Capacitor Storage

1011

1010

510

10~
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The resulting energy storage in Btu per 1b is thus only about ten to
twenty times as effective as the use of hydrocarbons where atmospheric
oxygen is available. The net result is that tradeoffs which would
ordinarily be in favor of nuclear power for surface ships can be quickly
dissipated if special premiums for crew, special arrangements for
harbors and other artificial oconstraints are introduced into the cost
of nuclear-powered ships. The U.S. Maritime Camnission merchant ship
Savannah has not been an econamic success due in large measure to these
artificial constraints. More recently, Japan and West Germany have
constructed nuclear-powered merchant ships in the hope that they will
not be so inhibited and the system advantages of nuclear power can be
realized.

when considering nuclear power for submersibles, an additicnal
order of magnitude advantage over hydrocarbons is introduced because of
the nonavailability of atmospheric oxygen. Figure 2-2 is a camparison
submarine power plant system specific weight in 1bs/Rw-hr as a function
of mission time in hours. As would be expected fram the foregoing
figures, the nuclear-power system becomes superior to the idealized
fuel-call system (for which the major part of the weight is fuel and

oxidizer) at somewhat between 100 and 200 hours.

This time superiority is such that the system designer ocught to look
quite closely at nuclear power in the next decade for both surface and
subsurface applications. If the pressurized water reactor is employed,
the nuclear reactor has the additional potential of high safety in the
ocean environment. The excellent shielding properties of water are such

that for all catastrophes except explosion {prevented by the use of
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pressurized water) the radioactive effects will be localized even in
the event of a breech of the shield.

When atmospheric oxygen is available and when miclear power 1s
denied by social constraints, then the power plant choice devolves
quickly to the burning of hydrocarbons and becomes very much a function
of platform characteristics. In general, the large displacement ships
have employed the boiler-fired steam turbine or the slow-speed diesel
engine. At the high-speed small-craft end of the spectrum the maxi-
mized versicn of the gas turbine has come to dominate the power plants.
In the intermediate range of high-speed patrol craft a healthy compe-
tition is developing between high-speed diesel, steam and gas turbine
and hybrid combinations therecf. The system manager should be cautioned
that to date the prime design consideration for the gas turbine has been
for aircraft. The marine environment is marl~dly different, particu-
larly from the standpoint of corrosive environment, splash, spray and
water entrainment., In addition, the characteristic mission times for
aircraft are short as campared for most marine missions.

When atmospheric oxygen is not available as in the case of high-
altitude missiles as well as for submersibles, then fuel-burning systems
Jose much of their competitive advantage. In stochiometric ratic eight
times as much oxygen by weight is required as is fuel if hydrogen and
oxygen are the ingredients. Unfortunately, both hydrogen and oxygen
are volatile and hypergolic and it is necessary that both be contained
in same manner, either cryogenically in isolated Dewars, compressed in
bottles, or chemically combined in a stable or quasi-stable configura-

tion.
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Once a decision is made to eschew the atmosphere, other oxidants
such as fluorine or chlorine are available and many fuels besides
hydrogen can be considered. Figures 2-3 and 2-4 show the heat of cambustion
of the various elements with oxygen and fluorine as a function of atomic
mmber. From a conbustion standpoint, the most attractive are beryllium
and oxygen and lithium and fluorine. Hydrogen and oxygen and hydrogen
and fluorine are only 60% as effective. However, the extreme difficulty
of packaging and the toxicity of fluorine have mitigated against its
use and the high cost and toxicity of beryllium and lithium have simi-
larly prevented their use as fuels except in exotic application. Quite
some development has taken place with respect to the use of boron as a
fuel and it is often found as an additive to hydrocarbons. In rocket
applications, where both volume specific impulse and density specific
impulse may be important, mamy of the “exotic" fuels and oxidizers can
be found. In submarine applications, however, the efficiency of the
fuel is quite secondary to the efficiency of the oxidizer and, above
all, the safety and compactness of the container. As a general rule,
the system designer ought to insist that the hydrogen be safely locked
in a hydrocarbon, such as kerosene or fuel oil or other stable hydro-
carbon. For extreme applications, where weight is important, hydrazine
(N,H,) or ammonia compounds might be considered. Far more crucial to
system performance is the manner in which the oxidizer is carried. One
of the most efficient chemical containers is hydrogen peroxide (Hz0:).
Unfortunately, this is quite unstable and is always diluted with water.

Mixtures of H,0»> and H;0, where the hydrogen peroxide is as high as 80%,
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have been employed in rocket propulsion, but would be unsafe for sub-
marine application. As shown in Table 2-2, the combination of N,H, and
66% Ho0z would yield an efficiency of 2 x lO3 Btu/#. This is further
reduced by the weight of hydrazine and hydrogen peroxide tarkage. In
the author's view this represents the clear upper limit for submarine
energy storage and the designer should be wary of systems that purport
to approach this limit.

The storage of oxygen in tanks wnder high pressure results in a
welght of about 0.5# per cubic foot of atmospheric oxygen including
the weight of the bottle. This would result in an efficiency of approxi-
mately 1000 Btu/# if hydrazine were amployed as fuel. This is roughly
competitive with utilization of the heat of fusion of molten salts such
as lithium hydride. Proposals for submarine energy sources based on
thermal storage of this type have been made and ought to be feasible.

Tt is noted that all of these storage systems are superior in
energy storage to the silver zinc and lead acid storage battery. 2% the
present time, however, the silver zinc or lead acid battery daminates
the small submersible power sourve. This dadinance results from the
form in which the energy is extractable, i.e., low—voltage direct-
current electrical energy. The use of combustion or heat storage
requires the additicnal inefficiency of conversion fram thermal enerqy
to either mechanical or electrical energy. The possibility of develop-
ment: of the fuel cell at modest to moderate power levels (25-500 kw)
has been mesmerizingly attractive. Such developments are in process,
but fuel cells for underwater application {(except at low-power levels)

are not available today. The alternative technique for converting heat
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is through cne of the thermodynamic cycles (Rankine, Stirling,
Brayton). The high ambient pressures associated with submergence pre—
clude open-cycle systems because of the high back pressure and conse-
quent thermodynamic inefficiency. Closed-cycle systems are feasible,
but have seen limited development. The author has a perscnal preference
for the hot-air Stirling cycle as feasible for underwater applicatians
capable of meeting environmental constraints. The Stirling cycle,
requiring as it does only the application of heat to a closed-cycCle
process fluid and a heat-rejection sink, COmeS close to the ideal
Carnot cycle. Heat can be obtained by direct burning of oxidizer and
fuel or through use of thermal storage. As indicated in Figure 2-2,
such a system ought to be competitive with other power SOUroes now in
use. TFor longer endurance, the acquisition of additional oxygen by
occasional visits to the surface is a feasible solution for cormercial
application.

In summary, one of the most crucial decisions to be made when
selecting a subrersible for a platform or vehicle is the form of energy
storage, since it will determine the time interval at which the submer-
sible must return to the surface and consequently the need for and the

type of surface support.

Power Requirerents and Propulsion

The selection of energy source and its conversion to some form of
mechanical or electrical energy is but the first step in the power train.
The final stages of power and propulsion must also be ascertained and the
energy source matched. This, like so many aspects of system design,

is also an iterative process. Independently of propulsion, most platforms



-117-

will have a substantial power requirement. These include the hotel
load for life support, power for electronic equipments and sensors,
power for tocls and manipulators, and power for control. The first

two will irevitably generate a requirement for emergency power and for
highly-controlled and requlated voltage. It can be expected, there-
fore, that a number of battery systems which float on the main power
supply will be required, together with a nuwber of static inverters

{dc to ac connection) or motor generator sets. It is an unfortunate
tendency on the part of systems managers to attempt to reduce the number

of such subsystems and to corbine power requirements. One of the major

design problems in any system is the interference, power drain and loss

of requlation that occurs when many subsystems operate from the same

pover supply. It is therefore vital that appropriate reservoirs of

power be provided that are highly decoupled fram the prime source of
power and whose utilization is the sole province of a single component
Oor subsystems manager. Similarly, the reduction of power transmission
requirenents will avoid difficult and costly interference prablems.

A canpanion systems prablem is that of cooling and heat rejection.
At first analysis, the immediate availability of ocean water for cooling
and the generally high thermal conductivity of the hull suggest that the
problem is relatively easy. This advantage is often more than compen—
sated for by the compactness of equipments within the hull and the gene-
ration of heat by electronics equipment and other enerqy dissipators
throughout the platform. It is again an unfortunate tendency to assign
the total cooling responsibility to a single subsystem. In such an
assignment, the misestimate of cooling requirements by a single subsys-

tem designer can have repercussions throughout the system. It is vital,
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therefore, that the assignments of the hull for cooling requirements,
assignments of inlet areas for condenser scoops, the assignment of space
for cooling ducts and fluids, etc., be an early part of interface identi-
fication. It is alsc a paradox of system design that each subsystem
manager should have the option of responsibility for his own cooling
requirements.

Most prominent of platform power requirements is generally that
for propulsion and control. Here three speed regimes can be identified:
a) above 5 knots, b) 2-5 knots and c) below 2 knots. These differen-
tiations are based on hydrodynamic regimes, the first being one in which
the mean forward velocity is great enough to permit use of foils and
other lifting surfaces to generate forces; the third regime is cne in
which the generation of force by means of purely viscous means (jets,
wakes, shear flows) is not prohibitive and in which the generation of
flow by lifting surfaces is difficult. The second regime is the inter-
rediate cne for which same hybrid approach may be required.

The system designer should approach his selection generically recoq-
nizing that within each generic choice there will be many tradeoffs and
requirements. From the generic standpoint, however, the systems designer
should note two fundamentally different mechanisms for force and moment
generation in a fluid. The first of these is by generation of flow fields
which are to a first order describable by the equations of ideal poten-
tial flow, i.e., by sources, sinks, doublets, and vortices. Whenever
possible, this is the most desirable fram a power standpoint, since the
only energy losses result from the induced drag associated with the

generation of circulation and the skin drag associated with the wetted
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area of the hull,

The second of these is by the generation of dissipative flow fields
which are not describable by the equaticns of ideal potential flow.
dets, wakes, secondary flows and sheer flows are in this category. Drag
chutes are a prime example of force generators which are highly dissipa-
tive of energy.

In the moderate high-speed regime above five knots, the use of jets,
wakes and secondary flows are highly inefficient, if not prohibitive,
and the ability to exert force in almost any direction through the
appropriate use of hydrofoils precludes the need for this type of mech-
anism. The most effective propulsor which has been employed to date is
the screw propeller. This device, since it employs a lifting foil
appropriately oriented to the flow for optimum design conditions, results
in extremely high hydrodynamic efficiency (r=0). At or near the free
surface, the primary prablems associated with the propeller are those of
cavitation and of wake-induced vibrations. The cavitation prablems can
be resolved by utilizing large wheels with slow rotative speed, by the
use of multiple propellers, or by the use of counter-rotating propellers.
Some attenpts have been made to resolve cavitation by the use of ducting
which decelerates the flow entering into the propeller, but such ducts
generally introduce a drag penalty and have been extremely difficult to
design both efficiently and to achieve the desired purpose. When the
vehicle on which the propeller is mounted is towing another object or
has scme system configuration which results in an extremely high drag
acting on the vehicle, then the efficiency of the propeller will be

greatly decreased unless there is a duct around the propeller which would
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normally be associated with the ideal potential flow about the otherwise
unimpeded vehicle. The most common form is a type of nozzle known as
the Kort nozzle generally employed on tug- and towboats. Another mech-
anism for resolving problems of towing or artificially-increasec drag

is through the use of propellers of variable pitch in which the pitch

of the propeller can be adjusted to take care of the appropriate load
which is required without change in speed of the towing vessel. For
vehicles above five knots, control forces for maneuvers can usually be
easily achieved through the use of lifting surfaces such as rudders or
planes mounted at appropriate points along the hull.

Below two knots of forward velocity, appendages such as rudders and
planes are ineffective, and of even greater concern is the fact that
many of them will operate with force reversal as a result of the greater
contribution of viscosity to the flow pattern around the appendage and
the effect of flow around the hull prcoer. This force reversal pheno-
menon, which is shown schematically in Figure 2~5, is extremely difficult
to handle in automatic control systems. At these low speeds, then, the
alternative is the use of jets to generate force in the appropriate
direction or the use of revolving wheels of hydrofoils which move through
the water rapidly encugh to generate the appropriate flow field ard thus
to produce adequate force by circulation. The simplicity of jets recom
mends their use in the extremely low-speed situations and, in particular,
for such applications as maneuvering or mooring or berthing a large ship
in a confined harbor. The alternative approach is embodied in two basic
onfigurations: a) the Voigt-Schneider propeller and b) the Haselton

tandem propeller. In the first instance, a flat rotating disc is located
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¢ = constant
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force reversal

Figure 2-5. Lift Velocity Curve for Force Reversal
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flush with the hull on which are mounted a series of projecting adjustable
pitch hydrofoils. The rotation of the disc moves the hydrofoil through
the water and the adjustment of the pitch in a cyclic manner permits the
generation of force in any direction in the plane of the disc. The
Haselton tandem propeller consists of a ring which encircles the hull
both fore and aft of a submarine-type vehicle. Small foils are projected
from this ring around the periphery of the hub. These foils are adjust—
sble with respect to angle of attack cyclically in essentially arbitrary
phase. This again permits the generation of force in any direction and,
with the two hubs, permits the generation of moment about any axis. The
result, then, is a full six degree of freedom. The mechanical complex—
ities of these vis-&-vis the rore usual configuration of jets has at
present precluded their use in all but experimental installations. This
may indeed be more a cultural phenomenon than an engineering phenomenon,
since most comparative analyses of six~degree—of-freedam vehicles would
indicate that the parts count for a Haselton tandem propeller ¢r of a
Voigt-Schneider propeller will be not greater than and indeed is often less
than the parts count for the equivalent aix-degree-of- freedom jet system.
At speeds in excess of two knots and less than four knots, the system
designer is faced with a great deal of difficulty since both the jet sys-
tem and the idealized 1lift system are quite inappropriate. With a for-
ward velocity in excess of two knots, the issuing jet tends to be accele-
rated by the flow and by virtue of that acceleration to behave mach more
like idealized flow and therefore to generate less force than it would

as the fully-separated jet. In this intermediate regime, such schemes

as the Voigt-Schneider propeller, the Haselton tandem propeller, or the
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use of rotatable propulsion pods, seem to be the only acceptable solu-
tion. The system designer should note in this instance that sensitivity
of choice depends on very small differences in the velocity of operation
and, indeed, on very small differences in the estimate of the currents
which the system will face in the enviromment during its normal opera-
tion. The mission profile should therefore be prepared in meticulous

detail before final propulsion and control system choices are made.
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CASE STUDY

2 DISASTER-RELIFF SYSTEM
(A First Iteration)

The case aifudy which has been chosen for the platform selection
and fon power and propulsion s that which was done by Liewtenant
Charfes N. Calvano and Lieutenant Bruce Luxfond. This system is &
disastern-nelief system whose puipose 4s 10 provide forces gor Long-
tenm nebief of disaster areas, such as has been experienced hecently
in Peru. A cnitical aspect of thelr sysiem was deemed to be powet
and propulsion, since 4% would be anticipated in a disaster that powenr
sounces would not be avallable in the disaster anea and ithat the
provision o4 Auch power 40ources would be an impontant part of the total
mission. In anafuzing their sysiem, Liowtenants Calvano and Luxford
found that the powehr consthaints veny quickly Led them Zo a single
anique sysiem whereas the altematives on ship and platform were quite
Lange and required more narowing down. Thedln case study exemplifies,
thenefore, the problems that the systems manager has, and which he
indtially anticipates, that his majorn problem ared will be one having
multiple tradeofgs and his minoh problem area being one with the Least
yumber of tradecfss. Quite the contrnany is thue. As a generad experi-
ence, the systems manager will find that where he has a major problem,
at best fwo on three unique solutions will be availabfe and at worsit

only one solution will be availabfe.
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I. SYSTEM SUMMARY

A, Subjective Human Purpose

Provide for the deployment of task forces for temporary or
long-term relief of disaster areas accessible from the seacoasts and
Great Lakes of the continental United States.

B. Mission Description and Résumé of Mission Analysis

System is intended for relief of "nonpolitical" disasters—-
thus excluding war-caused damage {e.g., nuclear attack}.

Types of Disaster Expected
1) Earthquake {disaster area airports unusable}

2) Hurricane/Typhoon

3} Tidal Wave

4) Floods (airports unusable)

5) Earth or mud slides (e.g., Los Angeles area)
6} Large fires

7) Other severe weather damage (heavy snow, ice, etc.)
(airports unusable)

Disaster Magnitude to Be Designed for

1) 1000 seriously-injured persons

2) 50,000 homeless (may include less serious injuries not
recquiring hospitalization or doctor care)

Other

Alaska excluded
From the mission analysis, the supplies and other facilities needed
at the disaster site will require a mininmum of 280,000 ft3 of volume.

At least some medical aid must be on scene in four hours or less,
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with all aid arriving within 48 hours.

System Success Probability must be:

1) 70% with 75% confidence for quick-arrival contingent

2) 90% with 75% confidence for 48-hour contingent

ITA. MISSION ANALYSIS-—COLLECTICN, TRANSPORTATION, DELIVERY

REQUIREMENTS AND CONSTRAINTS

I. Objects to Be Collected

A. Quantity and Types

1)

2)
3)

4)

6)

1000 pints whole blood of varicus groups

a) Up to 250 pints may be replaced by packed red
cell units

20 Doctors
50 Nurses

Crew of Disaster-Relief Vehicles (DRV), if not already
aboard

30 Technicians/Recorders (T/R's}
100 Red Cross Volunteers (RCV's)

a) Up to 75% may be drawn from volunteers at
disaster scene

B. Location

1)

2)

Blood at Red Cross centers and blood banks in
"homeport" of DRV

Doctors, nurses, T/R's and at least 25 RCV's in
"homeport” of DRV

DRV crew fram Navy or Coast Guard in DRV "homeport"
a) Unless permanently assigned

b) Unless other manning agency Seens more appropriate
source
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Constraints onObject Collection

1)

3)

Blood availability

a) Air shipment to hameport of DRV, plus local
supplies of a fair-sized city (75-100,000
population) should ensure sufficient quantity

Doctors, Nurses, Technicians/Recorders, Red Cross
Volunteers available in sufficient nmunbers

a) Precompiled Red Cross rolls should ensure suffi-
cient numbers

b) Considered "located" when reached by telephone
v Red Cross

Crew availability {unless permanently assigned)

a) Previously-arranged-for procedures by Navy,
Coast Guard or other agency

Obstacles to Object Collection

1)

Transportation to DRV

Time Limits

1)

All objects aboard in < four hours

II. Objects Previously Located an DRV or Prepacked (Containerized)

for Rapid Loading

A,

Quantity and Types

1)

2)

3)

4)

5)

6)

Medical supplies for 1000 injured ({seriously)--
88,000 ft3
Medical supplies for 50,000 homeless-—220 ft3

Medical supplies {general} for injured and homeless--
426 ft3

Medical facilities--7200 ft°

Other relief supplies (portable shelters, sleeping
bags, clothing)--130,560 ft3

Other required facilities

a) Water distillation plant
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L) Kitchens
¢) Refrigeration facilities

i) Food
ii) Medical supplies

d) 4-1000 kw electrical power SOULCeS {mobile)

Transportation

A,

Distance

1) Fixed by DRV homeport locations relative to disaster
areas

2) Must be such as to conform to transportation time
limits

Time Constraints

1) Doctors and Nurses: at least 10 of each on scene in
< 12 hours from notification; remainder in < 48 hours

Obstacles

1) Early arrival medical contingent: sea state 6
(< 20 foot waves}; wind < 26 knots; plus 3-foot swell

2) Rest: sea state 7 (5_33—foot:waves); wind < 32 knots;
plus 5-foot swell

Delivery of Objects

A,

Quantity and Types

1) Same as Sections I and IT
Address

1) Disaster scene

Precision

1) Pier

2) Other suitable landing area consistent with delivery
capapbilities of DRV

Constraints

1) Sea state 6 for early contingent, 7 for rest
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E. Type Delivery

1)

Any of the following types satisfactory, within
constraint and time limit requirements and assuming
facility availability

a) Pier or wharf

i) Self-unloading
ii) Unleoading by shoreside facilities

b} Beaching

c) Boats or barges or lighters or amphibiocus vehicles
d) Heliocopters

e} Combinations

f) Amphibicus DRV

F. Delivery Time Limits

1)
2)
3)
4)

5)

6)

7)

8)

All personnel ashore < 1.5 hours

Medical supplies: cammence arrival at scene < 1.5 hours
First food available for consumption < 12 hours

Food for infants < 1.5 hours

At least 100 gallons water available < 1.5 hours and
every 3 hours thereafter

All shelter, clothing and food preparaticon egquipment
< 12 hours

Water in quantities for prolonged subsistence needs
must be available in < 12 hours

4-1000 kw electrical power sources avallable < 6 hours

G. Obstacles to Delivery

1)

2)

Weather, sea state

Damaged or destroyed harbor facilities

V. Probability of System Success, Reliability, Confidence Limits

A. System success - provision at disaster scene of above

within time constraints
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1} Required probability of meeting 48-hour transporta-
tion time limit, 4-hour collection limit ard 12-hour
delivery limit of second contingent must be 90% with
75% confidence limit

2) Required probability of rmeeting first contingent
constraints is 70% with 75% confidence limit

B. System reliability probability that all system compo=
nents will function as designed

1) Required reliability: 85%

MISSION PROFILE (FOR A SINGLE DISASTER-RELIEF VEHICLE OR UNIT)

5)
6}

7)

Notification of disaster occurrence (0T imminence) received
at DRV homeport
Tmmediately
A. Red Cross informed
i) Blood dispatched to DRV by Red Cross +ransportation

ii) Red Cross Volunteers notified and proceed to DRV
individually

B. Doctors, Nurses, Technicians/Recorders motified and proceed
to DRV individually (may be throuch Red Cross)

C. Navy, Coast Guard or other agency assigned DRV manning
responsibilities informed

Rlood, personnel arriving
Vessel activation (if appropriate) COMmences
Blood, personnel all at DRV and aboard

A. High priority team of Doctors, Nurses and first aid
supplies dispatched

DRV with main shipment leaves hameport for area

High priority medical team arrives at disaster scene

DRV with main shipment arrives at disaster area
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All disaster-relief personnel, food for infants and limited
water available ashore at disaster scene {(from DRV}

Medical supplies commence arriving ashore

First rmeal ready for consumption by victims; large guantities
of water available

Limi ted emergency electrical generaticn provided for key
surviving hospitals or other critical needs (4-2500 kw units)
Resupply unit arrives to replenish stocks of first DRV

or to relieve it

DRV LEAVES and returns to homeport where Red Cross and

manning agency prepare it for reuse.

IIC. DISCUSSION OF TRANSPORTATION DISTANCES AND DRV HOMEPORT LOCATTONS

Transportation time limits are governing. To get high—priority

team on scene by notification + 12 hours, and main shipment by N + 48

houars, after four hours allawed for collection, the high-priority team

has eight hours transportation time and the main shipment has 44.

In view of fivefold difference in allowed transit time and vast

differences in sizes of shipments (20 pecple plus first-aid supplies

vs. 105 people plus more than 200,000 ft° of supplies), two different

platforms appear almost axicmatic.

The high-priority segment seems to point to air transport. Since

several of the foreseen disaster types can be expected to make rurways

unusable at the scene, helicopters or C5-A type A/C seem to be indicated.

The large volume of needed supplies for the main shipment indicates a

ship-type platform (not excluding GEM's, hydrofoils or prelocated,
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stationary structures or floating vehicles).

Considering the main shipment transportation first:

Maxirum DRV Homeport

Transit Speed Range {44 hours) Separation
15 kts 660 n.m. 1320 n.m.
20 kts 880 n.m. 1760 n.m.
25 kts 1100 n.m. 2200 n.m.

Distances (Sea) Between Major Cities Accessible from Seacoasts and

Great Lakes (To Cover IEntire Seacvasts and Great Lakes)

Boston to Canadian Border 240 n.m.
Boston to Mew York 320 n.m.
New York to Norfolk 280 n.m.
Norfolk to Charleston, S.C. 460 n.m.
Charleston to Jacksonville, Fla. 200 n.m,
Jacksonville to Miami 330 n.m.
Miami to New Crleans 660 n.m.
New Orleans to Mexico 550 n.m.
San Diego to los Angeles 125 n.m.
Ios Angeles to San Francisco 340 n.m.
San Francisco to Portland, Ore. 625 n.m. {inland}
Portland to Seattle 420 n.m. {(inland}
Duluth to Chicago 580 n.m. (inland}
Chicago to Detroit 620 n.m. (inland)
Detroit to Buffalo 220 n.m. {inland)
Ruffalo to Canada 330 n.m. (inland)

Notation "inland" means a significant part of the trip would be in
restricted waters and the real port-to-port distances have been increased
by 10 to 30% to allow for the fact that full speed could not be main-

tained in such areas.
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Placement of "homeports" for main-shipment platforms ({two-piece
ships), assuming a 15-knot sea speed.
Forty-four hours @ 15 knots = 660 n.m. Thus, for full coverage, home-
ports can be up to 1320 n.m. apart.

Homeport Summary: Two-Piece Ships

1) WNorfolk, Va.

2) Jacksonville, Fla.

3) New Orleans, La.

4) San Francisco, Calif.
5) Portland, Cre.

6) Chicago, I1l.

At Ieast Two Ports on Any Coast--In case cne homeport is struck

by a disaster which also destroys its own DRV, the nearest homeport
with a DRV intact will send aid. No two DRV homeports are more than

1320 miles apart.

ITIA.SURSYSTEM DESCRIPTICNS AND COMPONENT CONSIDERATIONS--PIATFORM {HULL)

A. Preliminary Determination of Required Platform Capacity

1) Stowed Items: 211,412 ft3
2} Quarters
a) Disaster Relief Personnel 6,728 ft3
b) Crew 2,208 ft3

3) Other Needed Facilities

a) Water Distillation Plant 4,000 ftg
b) Refrigeration Machinery ~ 300 ft3
C) Disaster Relief Kitchens (2) ~4,800 ft

9,100 ft>

Platform Capacity Required for Disaster-

Relief Mission {(carry objects to scene,

provide life support for Disaster Relief 3
personnel and crew) 229,448 ft

If the platform is a displacement hull, it appears almost certain that

it will be volume - vice weight-limited. Much of the equipment to be
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stored and facilities required in low—density, high cube in nature
(e.g., the hospital and persomnel quarter count for x 30% of volume,
by themselves--but contain only beds and lockers).

For any other type of platform, the weight, too, wouid become

critical.

TIIB. ALTERNATIVES CONSIDERED FOR PIATTORM CHOICE

For discussion purposes, those items which must arrive on scene
at Notification Time (N-time), plus four hours for collection plus
12 hows for transportation (e.g., 10 doctors, 10 nurses and first-aid
supplies), are called the "high priority" shipment. All other objects
to be delivered are called the "main" shipment.

Alternative 1

Use a platform or platforms which engages in scme form of commer-
cial or military operation until called for disaster relief. Then
it (they) undergoes a transformation.

2Alternative 2

Use platform(s) intended solely for disaster relief, which is
idle until called.

Alternative 3

Use platform(s) which has same camponents or parts which are idle
umntil required and others which perform same comrercial or military
function until called for disaster relief.

Discussion

Quick response, when called, is the crux of the problem. A plat-

form which undergoes a transformation will likely lead to long response

times. This, however, might be scluble. The biggest drawback is that
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the platform(s) may not be immediately available to comrence transforma-
tion. If the platform(s) are engaged in commercial or military ventures
they may be days away from the nearest transformation facility.

In regard to a platform which remains idle until used, many draw-
backs arise. The largest is the difficulty of having the platform ready
to go when needed. Keeping the machinery (i.e., propulsion machinery)
idle for leng periods would require a deactivation procedure which would
not be conducive to quick activation. And, of course, if no deactiva-
tion process is carried out, the machinery will detericrate.

Alternative 3 may be the best of both worlds. Those items which
would not suffer from idle time could be left idle until needed. Those
subsystems (e.g., propulsion machinery) which would deteriorate if idle

could be used during nondisaster periods for sare other purpose.

Various Schemes Considered within above Alternatives

Alternative 1 (Transformatian)

Scheme A. A "modularized" ship or GEM or hydrofoil or submarine
which engages in a commercial or military venture. Upon notification of
Disaster, proceeds to a transformation facility to be fitted for the
disaster mission. High-priority shipment by air.

Drawbacks

1) Possible long transformation time.

2) Platform may not be near transformation facilities - hence long

reaction time.

3) Gem, hydrofcil and submarine development required for such

large-volume loads - or else need many platforms.
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Advantages

1) Platform Goes not remain idle for long periods (efficient
utilization of propulsion machinery).

2) Cost offset by commercial revenue or military effectiveness.

Scheme B. Use C-5A's for disaster relief. Divert the aircraft

from whatever mission they are performing for Air Force, fly them to
nearest stock point for disaster supplies, then to disaster area.

Drawbacks

1) Many plane loads of supplies required (70 to 90), requiring
18 to 22 aircraft, if each can make two trips per day.

2) If disaster in a severe flood or heavy weather damage (e.g.,
blizzards), C-53 may be unable to land arywhere near the area
most in need of help (i.e., flooded runways, fields or pastures
are unusable even for C-5A. Same if three feet of snow
covers them) .

3} Likely that sufficient nurnber of aircraft would be unavailable
from Air Force on short notice--unless additional C-3A's
authorized for the disaster relief mission.

Advantages

1) Technology already developed.

2) Quick transit time for some carco.

Alternative 2 (Idle until Needed)

Scheme C. A conventional ship, a GEM or hydrofoil craft or submarine
which is located in some port in an idle state, but intended for rapid

use in disaster work.
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Drawbacks

1) Very poor utilization of equipment.

2) Difficult to ensure equipment will work when wanted, after
long idleness.

3) Hydrofoil or GEM or submarine technoclogy not developed for
large loads--need much development or many platforms.

Advantages

1} Platform technology for ship is developed.

2) Hydrofoil or GEM would give good transit time.

3) If conventional ship is used, few are needed.

Scheme D. A fixed or floating offshore platform stocked with

needed supplies and vehicles for offloading itself.

Drawbacks

1) Would need many platforms--one near each potential disaster
site.

2} Interface offloading problems in heavy seas.

3) Having a few floating platforms which proceed to disaster
area is ruled out by slow transit time (<5 knots).

Advantages

1) Great size is no drawback.

2) Main platform (in systens sense of the word) needs no propul-
sion machinery.

Alternative 3 (Partially Idle until Needed—-Partially Active between
Disaster Missions)

Scheme E. "LYKES" concept ship which carries loaded barges with

its own loading, offloading equipment for the barges. Barges loaded
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with disaster supplies are kept in designated ports. Ships engage in
cormercial trade, utilizing barge~loaded cargo. Upon disaster notifica-
tion a ship picks up disaster relief barges, blood supplies and person-
nel in disaster-relief unit homeport and proceeds to disaster area.
Drawbacks
1} Entire abilily for quick reaction revolves about availability
of an empty ship in port where disaster relief barges are
located at time of notification--an unlikely occurrence.
2) Even if empty ship is available, barge-loading time is not
insignificant.

Advantages

1) Only equipment kept idle is that which does not suffer
greatly from idle periods--i.e., disaster relief supplies.
2) Shipboard machinery is in use and thus kept in working order.
1) Costs offset by commercial utilization of the ship itself.
Scheme F. Same as above, but with containership and containers in
place of barge ship and barges.
Drawbacks. Same as above, plus container offloading at disaster
scene unlikely to be feasible.
Advantages. Same as barge ship.
Scheme G. A "two-piece" ship consisting of a forward half that is
basically an empty box and an after half with the propulsion subsystem,
controls, navigation and comnication, etc., on it., The forward half
is preloaded with disaster relief supplies and prepositioned in various
ports. The after half is designed to fulfill a secondary mission

within the harbor area (e.q., buoy tender, tugboat), while operating
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independently between disaster missions. When disaster occurs, the
after half mates with the forward hull (either through a coupling
mechanism or a hinge-link mechanism} and proceeds to disaster area.
Drawbacks
1) Some development needed in hinge-link or coupling mechanism
area (presently-designed devices used with tugs and large
barges have been successful in seas up to 32 feet).
Advantages
1) Propulsion machinery, navigation, commmication, etc., are
not idle between disasters.

2) Commercial or other uses of after end offset system costs.

Considerations in Choosing among above Alternatives and Schemes for the
Major System Platform

Scheme A, a transformed ship, GEM, hydrofoil or submarine, is
considered unacceptable because of high probability of excessive
reaction time.

Scheme B, employing C-5A or similar aircraft, is considered to
have at least two fatal flaws. First, the feasibility of carrying out
a large-scale logistics mission over an extended periocd of time is highly
doubtful. BSecond, conditions in the disaster area make the probability
of bringing needed supplies close enough to the scene where they are
reqguired, too low for acceptance {(i.e., floods or heavy snows make it
impossible for C-5A to land in population center where help is most
needed) .

The problems inherent in activating long-unused machinery, plus

the poor utilization of that machinery, caused Scheme C to be ruled out.
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The floating platforms of Scheme D would have to be very numerous
to provide required system success probability. We are convinced that
a hicher probability of success, with lower costs, can be achieved
through other approaches.

Schemes E and F both suffer from the high probability of excessive
delay times, making the mission a failure, and are oonsequently rejected.

Scheme G remains as the concept offering the highest promise of

achieving system dbjectives without squandering funds (Scheme D, for

instance, could be made workable at prohibitive costs).

Expansion of Scheme G for Platform Configuration--Main Platform

Figure 2-6

The Two-Piece Ship Concept: (Lip and Groove Joint)

Ilmte(j-"
Water-Line

Detachable
Connection

Lip
Groove

Hull Stern

Pusher Bow
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Pusher is fitted with ballast tanks, allowing it to contrel its
draft and longitudinal trim, within limits. The pusher deballasts,
moves the bow into recess in the hull stern, then ballasts down to
engage the lip of the hull section into the groove in the pusher bow.
Additional fittings are provided to prevent excessive "working' of
the joint when underway.

The hull sections are previously loaded and left idle in Disaster
Relief Unit (DRU) homeports. The pushers are used for some other
commercial or government task, e.g., tugs, buoy tenders, etc., The
pushers are at all times within three hours of the "hulls" and, on
disaster nctificaticn, proceed to "hulls,” mate, and proceed to disaster
area.

The area requiring most careful attention is, at first glance, the
lip-groove connection. Preliminary investigation reveals that designs
incorporating a similar connecting mechanism have been proposed, but
are expected tc be very sea-state-limited. At present, a sea state of
about three is the highest proposed for such a connection.

The Hinged Joint: (See Reference 3)

Another proposal for a two-piece ship is the utilization of a pair
of large pin hinges as the connecting mechanism. This proposal was made
with a view toward reducing longitudinal heading moments and stresses

to reduce the weight of structural steel required.
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Profile:
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Figqure 2-7

If the pin is made of solid steel, a diameter of -3 feet will be
required. This, however, would lead to bearing pressures on the order
of 6000 psi, where about 1500 psi is considered to be more in the
desired range. It is possible to reduce bearing pressures by making the
pin hollow. To achieve 1500 psi bearing pressures on a 2-1/2" thick
HY-80 pin, a pin diameter of .14 feet would be required.

The bearing material might be lignum vitae, lubricated by pumped
salt water,

Such a pinned hinge does not appear to be sea-state-limited (see
Reference 1). The major drawback, however, is that present designs are
ot easily connected/disconnected. In fact, a combination of hydraulic

rams and overhead cranes is envisioned (see Reference 3) as the tools
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necessary for coupling/uncoupling. As reaction time is of critical

importance, a quicker-acting connection is highly desirable.

The "Sea-ILink" (see Reference 2)

A third method for connecting the “"pusher" to the "hull" is avail-
able and provides the quick-connect/disconnect capability of the lip
and groove joint with the seakeeping ability of the pinned hinge. This
"Sea-Link" method has been tested in tugboat-barge operations in wave
heights up to 32 feet with a tugboat length of only 85 feet.

The "Sea-Link" consists of a rigid pushing frame connected to the
barge and hinged about the horizontal axis and cocnnected to the tug by
a universal swivel joint. The other side of the tug is connected, via
another universal swivel joint, to a steering spar, in turn, swiveled
at the barge stern.

In using the "Sea-Link" concept with the two-piece ship, the two-
piece ship begins to resemble a barge and pushing tugboat. The major
difference is that our two-piece ship will proceed at speeds above
15 kmots, and nearing 20 knots. The "hull" will be ship-shaped, rather
than barge-shaped, and will be very large for a barge. The "pusher"

will be considerably more powerful than any tug to use "Sea-Link" to date.
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Plan View:

Quick-Connect
Universal

Cuick-Release
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“I'hlll“
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Profile:
Universal Hinge

"Hall”

Figure 2-8
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ITIIC. HULL SELECTION ANALYSIS

For the main shipment vehicle (platform), the two-piece ship

concept utilizing the "Sea-Link" is chosen for the following reasons:

ll

In

Of all methods investigated, "Sea-Link" is most independent
of sea state and appears to require little, if any, state of
the art improvement to meet system constraints (state 7 sea).
"Sea-Link" permits very large values of relative roll, pitch
and heave between the hull and pusher, thus minimizing
connection forces. At the same time, yaw, surge and sway are
restrained to give positive steering, pushing and stopping
control.

Pushing the "hull” has the following advantages, when compared

with attempting to tow at high speeds.

a. Better steering and stopping ccntrol.

b. Saves time by eliminating need to shorten and lengthen
tow cable when entering and leaving port.

c. Towline fouling eliminated.

d. Overall resistance of tug pushing a barge ahead in less
than sum of individual tug and barge resistance, permitting
15-20% speed gain.

"Sea-Link" is the only one of the three connecting mechanisms

with a quick-release feature. Makeup time of "Sea-Link" is

many times less than other methods, requiring only hand-
tripping of latches--ballasting and outside-crane assistance
are eliminated.

addition to material listed in the "Preliminary Determination
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of Required Platform Capacity," pg CAP-1, the two-plece ship will have
to carry the mchile generator units, other vehicles and possible boats.
It may later prove desirable to make the ship beachable, requiring
doors and ramps. To allow space for such added eguipment to be carried,
the volumetric capacity will be doubled, as a first order guess of
required size. Thus the main shipment reguires about 560,000 ft3.

To make "hull" beachable, we will limit overall mean draft to
12'. To keep beam to draft ratio at 4 or below, the beam mist be
<48'. Assuming 80% of the product length x beam x draft will be usable
space for these items, the length of the "hull” would have to be
~800 feet--much too large a hull for our purpose.

Thus, it is decided to place two "hull” units in each port, with
at least two "pushers” assigned. This reduces "hull" size to about
350' length, 50' beam, 12' draft-—a more manageable size.

The two hulls will each carry one-half the total reguired main-
shipment goods. Thus, for a small-scale disaster, only one need answer
the call and could provide all needed aid without having large guantities

of equipment uselessly tied up. For a large disaster, both units in a

port would respond.
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Power and Propulsio

[

Other Delivery Units DRV
Propulsion Propulsion
Lighting Lighting
Communication

A

Terminals

Lighting
Ventilation

Cormumnication Commmnication

Power and Propulsion

Water producticn

"Platforms"

+~—Outside requirements
~—Constraints, cbstacles

I

Energy Supply

Mechanical
Chemical
Nuclear
Flectrical

Qutside Requirements

Platform mission
Platform lifetime
Reliability

Stability and control

{ Enerqy Conversion ‘ Trangmission Thruster
Gas Turbine Clutch Propeller
Diesel Geared Kort nozzle
Boiler/Steam generator reduction Water jet/
Water/generator Flexible/ impulse
Reactor/nuclear rigid Cycloidal
Photocall oouplings Wheels
Fuel cells Hydraulic Tracks
Cryogenics Shafting
Electromagnetic/MHD Tubular

(piping)

Servo
mechanisms

Structure and geometry (shaft down angle and divergence)

Figure 2-9
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Chstacles

Meteorological sea state: wind, wave spectrum, currents

Teyrain: hills, rivers, rocks
Constraints

Vessel (platform) attitude: roll, pitch, heave
Draft
Terrestrial: (a ship can't go ashore) (pitch a tent in "x" inches of water?)

Meteorological

Self-Generated Obstacles and Constraints

Displacement: weight, volure (include fuel and auxiliaries)

Thrust (SHP)

Vibrations (mounted eng. freq. shall not ccincide with natural freq. of vessel}
Noise: (less than 95 db at freq. <250 Hz, 70 db at freq. >250 Hz)
Heat: (working space not to exceed 90°F)

Response: (maneuverability, reversibility, start up/shut down time)
Reliability:

Standardization/Availability: (sophistication) Off-the-shelf?
Time between Overhaul/Failure: MIEF MIIR

Complexity:

Deve lopment,/Constructicon Costs:

Efficiency:

Spare Parts Requirements:

Hazards /Ease of Handling: (toxicity, flash point, corrosiveness)

Disaster Relief Vessel (DRV) Propulsion

Power requirements from Series 60

Container

A = 8000 tons Beam B 53.8' Depth of side D ~ 30°
Length L 380' /B 6.5

Draft T 12' B/T 4.5
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Container (continued)

. _ ' _ e
Letting V = 18.7 kt = 7ﬁ'”>1'00 Rr/& = 1.25 —>Rrﬂ 6250

v = 358 = 0.175 x 10° =>v¥/3 = 3120

s/v¥/3 = 6.5 => § = 20,300 f£t*

RF/S = 1,94 = RF = 39,400
RT = RR + RF = 42,500

EHP = VRT/325.6 = 2440
1pg PP WX

SHP = 2440 { x 1.05 4 1 55

nom 0.6

8000 shp/vessel LED = (350) (30) (53.8) = 5.65 x 10° ft

Assume permeability of 0.5

Pusher

A = 1500 tons Cp = %ﬁﬁ.=
L = 220" I/B = 4.4
T = 10° B/T = 5.0
B = 50'

VvV = 20kt V/YL ¥ 1.3

Rr/A = 1.25 =>R_= 1875

7 = 354 = 52500 => v&/3 = 1410

s/02/3 = 6.0 => 5 = 8460 £t2

RF = 1.91 x 104

£
il
Il

app
SHPm = 1172 {=—= * 1.03 * 1.25

VL = 6550

A
* .1

nca

} = 4880 SHP = assume

3

= 2.8 x 105 ft3 available for cargo
0.48
VI, = 1.3L/L = 4250
RF/S = 2.03 => R, = 1.718 x 104
o Tli& = 2340 => assume 2500 SHP/pusher
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Only a portion of the total system nepcrt of Lieutenants Calvano
and Luxford has been presented here. Rather detailed £ists of types and
vanieties of medical supplies and weight, space and volume requirements
fon the platgorm were prepared, but were not included since they were
not instauctive for this chapten. On Zhe otnen hand, a £{ttle mohe
ought to be said about the power and propulsion system. Two basic
altonatives confronted the Aystem planners. One was the utilization
0f atl the prime power on board the matin DRV with a requinement of
setting up power distraibulion netwonks on tying into the remains ©4
powen distribution nefworks on the shore, or 0f setting up special units
on the shone itseld. Recognizing that the mere desinable situation would
not be an eithen/on on a combination of both, Lt was then decided that
common equipments for generating power fon propulsion and for power
ashone would be employed. This suggested nather compact high-powered
machinery for both and very quickly Led to the chodice of the gas funbine
as the prime powern generator. In onden to thanspord the power ashone,
the planners propesed the use of s4x APB's {all-purpose vehicfes). These
are Lange tired amphibiows vehicles which would be employed to deliver
objects and personnel from the DRV Lo the nefugee centen on to Zerminaks .
The APB would be prefoaded in  the disasten nekief hutls, Two of the
APB's would be prefoaded with 1000 fw mobife generatons which, Ln iwwn,
ane shid-mounted and nemovable f§rom the APB's. The othen fowr APB'S 4n
in each hull will be prefoaded with supplies to make the §insi tip o
the nefugee center. The power sofution, thenefore, is one which might

not be cpiimal for the DRV treated ab a ship alone, but which meets the
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requirements of the other subsystems, such as the object deliverny

system which carnies equipments grom the DRV o the beach and the onshone
disasten-nelied system which requines mulitiple power sources and a high
deghee of mobility and §Lexibility in the Location and application of

the power sowrces.
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CHAPTICR III

LIFE SUPPORT SUBSYSTEM
EPIGRAMS

Most people are "saturated" at 14 pad.
Oxygen L8 a polsoncus gas.
Majon Safety Centification defayed (s Systems Operation denied.

There {5 a dangerous design tendency o permit man fo cecupy
any atrea where oxygen L5 availfable.

Negative Lons are happy Lcons.

Satunation diving {5 S.0. A, today.

Subjective Human Purpose

Whenever and wherever the operation of a system requires the
presence of man, his ability to function within the system requires
adequate and appropriate life support. Through evolution man has
adapted to unaided survival in a warm open atmosphere with available
food and an abundance of fresh water {(Tahiti, Big Sur, etc.). All
other environments require some level of artificial maintenance., An
inadecuate life support subsystem will result at least in reduced per-
formance levels, and may become dangerous to health and life. The sub-
jective purpose of the life support subsystem is the provision of a
total environment which protects and satisfies the biological, physio-
logical and psychological life functions of the human operators.

The essential elements of a life support subsystem include:

l. Adequate oxygen supply

2. Removal of carbon dioxide

3. Elimination of toxic substances
4

. Adequate food and water supplyl

-153-
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5. Waste disposal

6. Prevention of accumilation of flammables

7. Thermal protection

8. Pressure and pressure gradient protection

9. Protection from electramagnetic and nuclear radiation

10. Protecticn from extremes of shock and vibration
11. Methods for use and protection of the aural, vocal, visual

functions

12. Physiological monitoring of crew
13. Creation or protection of a psychologically adequate environment
14. Progressive Safety Certification at all design and construction

phases

All of the listed elements must be satisfied in any sea system.
Nevertheless, a substantial difference in standard of care and complexity
occurs between operations at the free surface and those which take
place below the free surface or in an enclosed environment. At the
free surface the availability of the atmospheric reservoir and the
availability of sunlight resolve many of the life support problems.
The presurption that this reservoir is infinite or totally available has
produced the dangerous and deleterious conditicn that exists in many
cities today and can produce dangerous and deleterious conditions even
in open-ocean sea systems. Reliance on nature also introduces other
dangerous conditions, such as excess humidity, excess cold, excess
wind, diuwrnal variations in light and dark and the need for visual
adaptation, etc.

On the other hand, operations beneath the surface, whether in
shallow or deep water, place stringent and critical requirements on the

life support system. The provision of an artificial environment and
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protection against changes in pressure are not the only problems.
The small size of the atmospheric reservoir is such that almost every
piece of machinery and apparatus will interact in a significant way
with the environment, human performance, and human safety so that an
item-by-item review of every component from a human factors standpoint
is mandatory. With these caveats in mind each element may now be
examined.
Oxygen Supply

Providing an adequate safe supply of oxygen is a critical respon-

sibility of the life support subsystem. 2lthough proximity to the
free surface and the atmosphere does not automatically fulfill this
responsibility, the difficulties encountered there should be minimal.
When operating near the free surface, the atmosphere may be obtained
by ducting and pumping, i.e., snorkeling. Any snorkel device should
be designed to avoid malfunction caused by:

1. TInadvertent wetting, splashing, or submergence

2. Intake of exhaust gases from another system

3. 0, buildup in ducts, piping, or tanks.

2
when access to the atmosphere is denied, as it is in any submerged
system, oxXygen supply becomes a major design consideration. The sub~
system manager muist attack this problem with two design criteria clearly
in mind: the oxygen source and its backup must be able to provide
encugh oxygen to fulfill all biological and mechanical needs; the axygen
must be delivered at a partial pressure within critical human limits.

The average oxygen consumption rate for adults is 0.083 lbs/man-hour,

an a 24-hour basis, or roughly 2 lbs/man-day. (This is equivalent to



-156—

about 1 cubic foot/man-hour at 14.7 psia.) It should be noted, however,
that this is a daily average, and actual consumption during work
periods may rise to .150 lbs/man-hour, while consumption during sleep
periods will drop to about 0.050 1bs/man-hour.

The life support subsystem manager should be familiar with all
alternative oxygen sources capable of fulfilling the above require-

nents:

1. Direct Bottle Storage. Compressed air or compressed oxyden

may be delivered and stored in pressure containers. Standard oxygen
bottles are maintained at a pressure of about 3000 psia, which yields
a storage density (of pure oxygen) of about 18 lbs/cu ft. If bottles
of compressed air are used, the storage density is about 3.5 lbs/cu ft
of oxygen.

Bottles of compressed gas are heavy and awkward to handle. A
system manager should realize that any such high-pressure container
represents a potential bomb if damaged. A container of campressed air
or oxygen also requires extreme protection from fire hazard.

2. Electrolysis of Sea Water. Distilled sea water can be electro-

lytically dissociated to produce oxygen by passing a D.C. current
through a KOH electrolyte solution. These units are presently in use
on U.S5.N. submarines, and are capable of producing 120 standard cubic
feet at 3000 psia.

Power requirements for this method are the limiting design consid-
eration. These units require from 2.6 to 6.4 K.W. per 1b of O2 produced.
Therefore, such a source should be considered only when nuclear power

is available to the system.



~157-

The units require about 1.12 lbs of distilled and demineralized
water per pound of oxygen produced. Hydrogen is a by-product of the
reaction, and its use or disposal must be considered.

3. Oxygen Candles or Chlorate Candles. A compact means of stor-

age is to be had through the use of chlorate candles. These are com-
posed of a matrix of sodium chlorate NaClO3 and powdered iron. The

combustion of this candle produces the following chemical reaction:
2NaClO3 + Fe + Z2NaCl + Fe02 + 202

The chlorate candle thus provides approximately 585 cu ft of oxygen
for each cubic foot of candle.

4. Other Sources. Several chemical cycles (e.g., sodium sulphate

cycle) and organic sources (e.g., algae cultures) have been theoreti-
cally introduced, but have not been sufficiently developed.

The life support subsystem must regulate the partial pressure at
which oxygen is delivered for human consumption. The normal range of
0, partial pressure is 2.58 to 3.55 psia, with a nominal optimum at
3.06 psia {the normal partial pressure of O, at 1 atmosphere) .

If the partial pressure of oxygen is allowed to go below 2.50 psia,
anoxia {oxygen starvation) occurs. At this level, there is progressive
depression of consciousness, inability to concentrate, loss of coordina-
tion, increased pulse rate and blood pressure. At 1.50 psia 0, partial
pressure, unconsciousness occurs and the anoxia becomes fatal. Unfor-
tunately, there are very few natural warming signs of this situation,
and the incipient stages of anoxia are usually accompanied by mild

euphoria.



Care must also be taken to prevent an "oxygen overload.”
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If the

partial pressure of oxygen is allowed to reach 1 atmosphere

(14.7 psia 02) , extended breathing time may result in lung damage.

Research conducted by J. M. Clark and C. J. Lambertson, both of the

University of Pennsylvania School of Medicine, established the following

rate of symptom development for subjects breathing oxygen at an 02

pressure of 2 atmospheres.
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clark, J. M. and Lambertson, C. J., "Pulmonary Oxygen Tolerance
and the Rate of Development of Pulmpnary Oxygen Toxicity in
Man at Two Atmospheres Inspired Oxygen Tension." In: Under-
water Physiology. Lambertsen, C. J., editor, Baltimore:
Williams & wWilkins, 1967, pp. 439-451.
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Higher partial pressures may produce dizziness, nausea and con-
vulsions. The breathing of oxygen at an 02 partial pressure of 4 atmo-

spheres (S8.8 psia) can cause epileptic-like convulsions in minutes.

Saturation Diving

It is important for the ocean systems designer to realize that

saturation diving is now well within the state of the art of ocean

engineering technology. Saturation diving is defined as the use of

individuals whose bodies are in equilibrium with an elevated atmo-
spheric pressure and who are supplied with appropriate breathing gas
mixtures. While it is beyond the level of detail of this text to

fully explain the techniques involved, this information is now readily
available (see References). Saturation diving specialist subcontractors
are available, and the immensely more efficient use of diving time

will more than campensate for increased equipment costs in almost all
projects involving even moderate use of free divers.

The subsystem manager should, however, be aware of several poten—
tially troublesame situations which may arise in this area.

1. Saturation diving usually requires a gas mixture (rather than
campressed air). Any gas-mixing procedure involves handling of high-
pressure gas bottles (fire and explosion hazard), and an extremely
accurate metering procedure.

2. Nitrogen cannot be used as a diluent gas in the breathing
mixture below a depth of S0 meters, or at pressures greater than 85 psia,
because at this pressure it produces a narcotic, euphoric effect

{nitrogen narcosis, "rapture of the deep').
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3. Helium can be used as a diluent gas in the breathing mixture
to a depth of about 300 meters (approximately 440 psia). At this
depth tremors may occur. Increasing the depth to 350 meters (approxi-
mately 510 psia) has resulted in oonvulsions which may be due to
helium or may be due to trace contaminants in the gas.

4. Hydrogen should be usable as a diluent gas belos 60 meters
{approximately 100 psia), because at this depth the O, content should
be less than 4 percent, eliminating the possibility of explosion.
Laboratory experiments have indicated that tremors have occurred at
depths of less than 550 meters (approximately 836 psia). However,
operating experience with this mixture is very limited.

5. Use of a helium or hydrogen breathing mixture impairs vocal
commmication. At increased pressure, speech becomes unintelligible.

6. Helium gas mixtures have a high thermal conductivity, and

divers chill very quickly in water of temperatures below 30°C.

Carbon Dioxide Removal

At sea level (1 atmosphere) the normal partial pressure of CO, is
approximately 0.0034 to 0.0073 psia (0.023% - 0.05%). If the 0O, content
is allowed to reach 0.73 psia, there is an uncomfortable increase in
the breathing rate. At a CO2 partial pressure of 1.40 psia, there are
marked mental effects and eventual {1-2 hours) unconsciousness.

The ratio of the amount of 02 consumed to the amount of CD2 pro—
duced by human respiration is known as the respiratory exchange ratio,
and is a function of diet. It may vary from 0.7 to 1.0, with a mean
value of about 0.83, Therefore, the normal range of 02)2 production

from human respiratory functions is between 1.1 and 4.8 1bs/man—day .
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The life-support subsystem manager should be careful, however, to make

sure he has included all CC., sources {(aerosols, fire extinguishers,

2

cambustion processes, etc.) in estimating his (302 remval needs,

1. Moncethanclamine Scrubber. This device abscrbs CO2 fram a

gas flow when cool and releases it when heated. Power requirements
are very high.

2. Magnesium Oxide. This unit uses a catalyst to cause MO

to react with 032. The reaction can be reversed by using superheated
steam to regenerate the removal system.

3. Solid Amine. This unit utilizes silica gel to absorb moisture
and 0, The system is regenerable, but its reliability has not been
clearly demonstrated at this time.

4. Molecular Sieve. A proprietary zeolite is used as a solid

absorbent of CO2. However, the air must be pre-dried.

5. Cryogenic Techniques. The gas stream is cooled to -230°F to

=270°F, and the COz, water vapor, and trace contaminants are removed

in solid form. These units require a large power supply.

6. Electrodialysis. A combination of selectively permeable

membranes combined with an electrolysis system can simultaneously
generate 02 and remove Q0. However, power requirements are high, and
reliability has not yet been clearly established.

7. There are many other technicques listed below, which are not
yet available for system use, but may merit development for a particu-
lar system application:

Photosynthetic gas exchanger

Molten alkali carbonate reactions
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Sabatier {methane and water produced)

Bosch (solid carbon and water produced)

Elimination of Toxic Substances

The elimination of toxic substances, or trace contaminants, is
the direct responsibility of the life-support subsystem manager,
although most of these contaminants are produced by other subsystems.
The following sources of trace contaminants are all likely to be found
in an ocean engineering system:

1. Inconplete Combustion Processes. Any combustion process will

produce CO, carbon monoxide, due to the incamlete combustion of a

carbon fuel.

2. Refrigerants. A refrigeration system may allow leakage of

freon or other chemicals.

3. Chemical Processing. Various vapors and aerosols are produced

in photographic processing, biological specimen preparation, and other
processes involving the use of exposed toxic chemicals.

4. Process Fluids and Electrolytes. Power and propulsion systems

using electrolytic fluids may be a source of NO and other dangerous
substances. Any ballast system utilizing mercury is a potential con-
tamination source.

5. Machinery-Produced Rerosols. Wienever lubricants are applied

to bearings, especially in high-speed machinery, an aerosol of the lubri-
cant is produced. This fine mist of drcplets must be quickly and effec-
tively removed to prevent both inhalation and fire hazard. (An aerosol
consists of particles, either solid or liquid, less than 1 micron in

diameter, which are suspended in the atmosphere. )
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6. Battery Outgassing. The use of storage batteries (lead-acid,

Silver zinc, chrome nickel} may produce toxic or hazardous gases such

as chlorine or hydrogen.

7. Positive Ion Buildup. Any activity which may produce an excess

Of positive ions in the breathing gas mixture must be considered. Posi-
tive ions depress the normal activity of the cilia of the bronchial

tract and lungs.

8. Gauge Fluids. Any gauge which contains a pressure fluid

should be checked. Many of these fluids are compounds of mercury and
bromine, sources of dangerous contaminants,

9. Other Sources. Other trace contaminant sources include:

cleaning solvents, paints, shaving creams, aerosol deodorants, cigar-
ettes, waste disposal systems.

The problem of the elimination of toxic substances should be
attacked in three distinct methods, which should begin in the earliest

stages of system design.

First, the life-support manager should distribute to all subsystem

managers and contractors a list of prohibited substances. This list

should cut down the sources of dangerous processing chemicals, gauge
fluids, aerosols and lubricants, and refrigerants, After distributing
this camplete and exact list of prohibited substances, the life-support
manager should realize that many of the substances will appear in both
his own and other subsystems despite his warnings, and that responsibi-
lity to detect and eliminate these substances is essentially undiminished.
Second, a gas sampling and monitoring system mast be installed.

Units of a monitoring system are needed especially in living areas,
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food preparation and storage areas, and machinery spaces.

Third, devices for the removal of toxic substances must be provided
in the life-support subsystem. Several forms of these mechanisms are
now available.

Filters of various types can be used in areas of high contaminant
concentration to remove airbomne particles and aerosols. An activated
charcoal filter unit is a small, cheap device which can be installed
easily in a deep submergence system. Tt is entirely passive, requiring
no power supply. However, care mist be taken to clean the filter
reqularly to prevent the buildup of flammable materials.

An "absolute" filter, containing a blower, a prefilter for large
particles, and a high-efficiency filter for fine particles, can be used
to remove all particulate material and aervsols.

"purafil,” a proprietary chemical, can now be used for the same
purposes as an activated charcoal filter.

Electrostatic precipitators are a very effective method for removal
of particulate matter and aerosols. They utilize D.C. voltages as high
as 15,000 wolts to ianize gas molecules which impart their charge to
the airbome particles. Charged plates are then used to collect the
particles. Electrostatic precipitators do have certain disadvantages,
however; they are fairly expensive, they generate electrical inter-
ference which may affect instrumentation, and they are scmetimes a
source of another trace contaminant, ozone.

The chief method of removing non-particulate trace contaminants is
the catalytic burner. It can be used to remove (O, H,, and hydrocarbons

(methane, etc.). The catalytic burmer consists of an air blower, filter,
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regenerative heat exchanger, electrical heaters, and a catalyst bed.
The burner has a high power requirement, and a high unit cost {around
$9,000). The burner must also be carefully monitored because some
acids may be produced in the burning process. (HF may also be pro-
duced if freon passes through the burner.)

A trace contaminant control system, therefore, must include some
filtering processes for particulate matter and aerosols, and a unit
like the catalytic burner for hydrocarbon and hydrogen removal. Con-
trol of other gases {chlorine, freon, etc.) requires a ducting system

which is carefully separated from the living space ventilation system.

Food and Water Supply

Basic dietary requirements for a crew under normal work conditions
vary from 2500 to 2900 kilogram calories/man—day. A normal diet con-
sists of 60% carbohydrates, 30% fat and 10% protein. The life-support
manager should consider using any or all of the following food forms:

a. Fresh and canmed {require elaborate storage and preparation)

b. Frozen (requires a storage freezer)

¢. Freeze-dried

d. Dehydrated

Freeze-dried and dehydrated foods are considerably less palatable
than fresh or frozen foods, and this consideration should not be taken
lightly. Freeze-dried and dehydrated foods are also 30%-40% more
expensive than equal portions of fresh or frozen foods. On the other
hand, however, freeze-dried and dehydrated foods are 30% lighter than
fresh or frozen foods and require 50%-60% less storage space.

Water management can be subdivided inte the following categories:
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a. Human drinking: 1 gallon/man-day should be provided
(0.5 gallon/man—day is absolute i niamum)
b. Food preparation: requirements vary fram 2-4 gallons/man-day
depending on food storage methods
c. Washing and laundry: requirements vary from 10-30 gallons/
man—-day .
Therefore, a total of 20-35 gallons/man-day will be necessary
to sustain the water requirements for life support.
The method of water supply selected will be dictated by crew size,
mission duration, and power availability. The following options are
open to the life-support manager:

1. Pure Water Storage (no reuse). A gallon of water welghs

approximately 8.3 pounds and occupies approximately 0.13 aubic feet.
When the weight and size of storage containers are added, a system
capable of providing 30 gallons/man-day will weigh about 250 lbs/man—-day.
added to this already high price in weight and space is a large bill

for storage facilities and maintenance.

2. Sea Water Still. A sea water still uses electrical power to

furnish potable water from sea water. This method is considerably
loss expensive and space-consuming than storage.

3. TFiltration. Used water may be passed through a filtration
system consisting of charcoal, an ion exchanger, and bacterial filters
to reclaim potable water. These units have low power consumption, but
many of the filters are nonregenerable and rust be replaced on a semi-

weekly basis.

4. Internal Distillation. Used water may be vaporized and
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recondensed within a closed system. Filter systems are still required,

and care must be taken to keep volatile contaminants out of such a system.

Waste Disposal

The life-support subsystem must provide for the collection and
disposal of all solid and liquid waste. Human waste production includes:

Urine (1.3 to 4.4 1b/man-day)
Feces (0.1 to 0.6 1b/man-day)
Perspiration condensate (1.8 to 2.6 lb/man—day)
Food packaging and scraps (depending on food storage methods)
Paper, etc.

Several methods of collection and disposal are currently available:

1. Manual Collection. This requires collection in plastic bags

Or cans and the addition of chemical disinfectants. Wwhile cheap and
reliable, this method requires adequate ardi sanitary storage space. A
recent innovation is the freezing of wastes before storage. This
method requires a moderate power expenditure, but reduces sanitation

problemns,
2. Holding Tanks. Holding tanks reduce all the problems of col-

lection at the expense of a large storage space.

3. Discharge Overboard. In this method a small holding tank is

discharged overboard by pump or high-pressure air. Such a system will
contaminate the surrounding environment, and should not be selected for
a system doing any biological sampling. At increased depth (greater
than 30 feet) the discharge process becomes difficult, expensive, and
(at depths greater than 100 feet) dangerous. Any deep submergence sys-—

tem should avoid a discharge method which requires frequent equalization
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of pressure through hull penetrations. Severe accidents have occurred

during the discharge process.

Prevention of Accumulation of Flarmmables

The prevention of the accumilation of flammable substances is
particularly difficult in a closed environment., Furthermore, a high-
pressure environment increases the likelihood of fire. Therefore,
the life-support manager's main task is to prohibit all the subsystems
from introducing fire hazards into the environment.

The following hazards have been identified in ocean engineering
systems:

1. AVOID USE OF STAINLESS STEEL IN AN OXYGEN SYSTEM. 1In a pure
oxygen atmosphere and at high temperature, stainless steel burns.

5. AVOID USE OF ALUMINUM IN AN OXYCGEN SYSTEM for the same reason.

3. The use of WELDED FITTINGS CNLY in an Oxygen system should be
a system requirement. The oxygen systel should be checked in minute

detail to assure that all possible leak sources are avoided in design

and not by maintenance and operational procedures.

4, AVOID USE OF HYDROCARBON IUBRICANT TN AN OXYGEN OR HIGH-PRESSURE
ATR SYSTEM. Preferably use a silicone lubricant (with no hydrocarban
additives). Hydrocarbons in any form should never be present in or
near the oxygen supply system.

5. PREVENT DIESELIZATION OF IUBRICANTS. When hydrocarbon lubri-
cants are applied to high-speed bearing surfaces, an aerosol is formed.

1f this aervsol comes in contact with high-pressure air, self-ignition

can occur—-no spark is necessary. Any high-speed machinery mast be

adequately ventilated.
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6. AWID USE OF HYDROCARBONS IN THE VICINITY OF FUSES OR CIRCULIT
BREAKERS, Hydrocarbens, whether in the form of lubricants, aerosols,
PLASTICS, fuels, etc., will generate free carbon when they come into
contact with an electrical discharge at elevated pressure. 1In a high-
pressure, oxygen-rich environment, the life-support subsystem manager
Should check every piece of plastic within the entire system to prevent
the danger of short circuits due to carbon bridges,

7. ALWAYS USE NITROGEN OR OTHER INERT GAS IN AN ACCUMULATCR SYSTEM.

8. ENSURE THE PROVISION OF CD2 AND DRY CHEMICAL FIRE EXTINGUISHERS
IN EVERY COMPARTMENT.

9. ENSURE THAT EVERY SYSTEM MANAGER, SUBSYSTEM MANAGER, (QONTRACTOR,
SUPPLY DEPOT, AND MATNTENANCE CREW HAS A FIRE-HAZARD CHECKLIST.

Thermal Protecticn

In order to maintain an adequate life-support subsystem, the tem-
perature, humidity, and ventilation mist be controlled. At 50% relative
huridity, the comfort zone ranges from 72°F to 78°F. At the higher
relative humidities usually present in an ocean system, this range is
still a good gquideline.

The basal metabolic rate for light to steady work varies from 400
to 800 Btu/man-hour. For sleeping, the rate drops to 250-350 Btu/man-hour,
Most of this heat is released to the atmosphere and must be dissipated
by the ventilation and temperature control systems.

The two most common temperature control systems are:

1. Forced-Air Convection Cooling, in which cooling air is circu-

lated through the system and then brought into contact with the hull

to exchange the heat with the water environment.
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2. Vapor Compression Cooling, in which normal refrigeration

techniques are used.

The 1life-support manager nust realize that in a mixed gas atmo-
sphere, especially a helium-rich atmosphere, the thermal corductivity
of the gas is higher than that of air. Temperatures will have to be
maintained at a higher level because the Crew will chill much more
quickly.

The most serious thermal protection problems occur in the use of
divers. The thermal conductivity of the water is very high. The
average survival time for an wnprotected human in water of 55°F tem—
perature is about two hours. At 33°F, this survival time drops to
15 minutes. The head and extremities of a diver are areas of high heat
loss and need special protection. Various forms of thermal garments
have been proposed, including:

1. Nommal lined-neoprene wet suits

2. Hot water suits

3. Electrically-heated suits

4. Radioactive isotope suits
In evaluating these protection garments, the 1ife-support manager should
realize:

1. As depth and pressure increase, the insulating properties of
a normal lined-necprene wet suit decrease. The open gas cells in the
rubber are compressed and lose their insulation value.

2. Hot water suits have been tested satisfactorily, with one
prablem: local scalding and blistering., While the suit is being worn,

the diver is fairly insensitive to a nonuniform overheating in a small
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area and skin damage may result.
3. Electric and radicactive isotope suits will require further

develcpment before they can be considered operational equipment.

Pressure and Pressure-Gradient Protection

The life-support subsystem must maintain the pressure of the
artificial environment so that the crew does not encounter a harmful
tenporal pressure gradient (%J, the change in pressure with respect
to time).

Most men can withstand a very high positive pressure gradient,
that is, the pressure may increase very rapidly with little effect.

The main problem is equalization of pPressure across the eardrum. A
pressure differential of 5 psia may cause damage to, or rupture, the
eardrum. All personnel who enter a pressurized environment should
have diver training to learn to recognize and alleviate pressure on
the eardrum by the pressurizing process.

The negative pressure gradient (a decrease in pressure) is the
more dangerous situation. Depending on the rate of pressure decrease,
either or both of the follawing conditions may occur:

1. Bmolism. Embolism, or bursting of tissues by gas bubbles,
occurs when there is a high-pressure differential between the lung and
the atmosphere. The blood vessels and alveoli (air sacs) of the lungs
can withstand a pressure difference of only about 2 psia without damage.
Therefore, if the ambient pressure should drop by much more than 2 psia
instantaneously, without allowing an individual to relieve the pressure
in his lungs (i.e., if he holds his breath), damage may result. Air

bubbles may enter the bloodstream, and will lodge in the brain causing
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severe and permanent paralysis or death.

2. Decompression Sickness (The Bends). Decompression sickness

may occur at a much smaller pressure gradient. At increased pressures,
the amount of gas which will dissclve into the bloodstream increases.
The body tissues act as a membrane containing the gas. The solution

and dissolution processes are not instantaneous, and the rate of disso-—

lution varies with different tissues. The pressure difference across
a tissue is known as the tissue tension, and affects the dissolution

rate according to the following relation:

Imbient Pressure = P

am

Tissue Pressure = F, (pressure of dissolved gas within tissue)
Tissue Tension = [Pam - Pt]

d

at Fam ~ Pl = Py, - Pyl

As previously stated, if the tissue tension is positive (that is,

p > P,), no damage will occur. The situation becomes dangerous when

am t)
the tigsue tension becomes negative (Pt > Pam) . As a basic rule, Pt
should never exceed P by more than 1 atmosphere (14,7 psia). Solution
of the differential equation shows that the tissue tension will decay
exponentially with a time parameter of K. K is sometimes called the
"+issue constant,” and each tissue type has its own value of Kl varying
fram 5 min_l to 240 min_l,

The rate of pressure decrease [g—t— [P, ~ Py]) mst be controlled
so that the tissue tension [[Pam - Pt]] does not go below -14.7 psia.

If it drops below this value, the gas will not have time to evolve fram

the tissues and bubbles will form within the tissue structure. At a
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minimm, this will cause pain or mechanical damege in the locally-
affected area. At a maximm, severe internal ruptures, internal
hemorrhaging, and death can ensue.

bDifferent tissues in the body will have different time constants.
The physiological range of tissue time constants is not now known,
and it is therefore presumed that a full range of time constants from
zero to infinity does, in fact, exist in the body. The oentrally
Critical tissue for decampression is a function of the pressure-time
history of exposure. It is computable, but, for purposes of safety
and reliability, it is common to use prepared diving tables. The use
of such tables will, however, constrain operational flexibility.

Although saturation diving is now well within the state of the
art of ocean technology, system and subsystem managers should recognize
that the use will require the assemblage of previcusly-trained and
certified individuals, and extensive licensing, certification, and
safety procedures before any operations can be initiated.

Whenever a life-support subsystem entails exposing a crew to an
elevated pressure environment for any length of time greater than 20

minutes, the manager should contact a reputable saturation diving
conmpany .

Shock and Vibration Protectian

It is the responsibility of the life-support manager to check the
vibration characteristics of all spaces occupied by the crew, and to
modify these characteristics if necessary. The human tolerance levels
for vibration are highly frequency-dependent, with moderate amplitude—

dependence. Performance is adversely affected in the frequency range
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of 100 cycles/sec (and an amplitude of 10-4 inches) to 1 cycle/sec
(and an amplitude of lO_:L inches). The vibration range of 2 to
6 cycles/sec is especially dangerous because this is the natural
rescnant frequency range of the human body. All vibrations in this

frequency range should be eliminated.

Aural Protection

The 1ife-support manager must maintain noise control in all living
and working spaces.

1, In sleeping areas, the sound pressure level should be below
30 db {The sound pressure level is referred to a pressure of
.0002 dynes/cmz.)

2. In general work areas, the sound pressure level should be
maintained within 30 to 50 db. In this range, normal speech communi-
cation is not impaired.

3. Between 50 to 70 db commnication is difficult.

4. The threshold of pain is approximately 120 db (2.9 x 1073 psia).
Sound pressure levels above this limit may result in permenent damage
to the eardrum. In this pressure range, the ear is most sensitive to
sounds at a frequency of about B00O cycles/second.

when system operaticn entails the use of free divers, the life-
support manager should also bear in mind:

1. The velocity of sound is different in water, gas mixtures,
and air.

2. The ability of a human to determine the direction of a sound
source is derived primarily from the pinna (exterior ear structure and

lobe), not from binaural reception. When the ears are covered by a hood
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or diving mask, this directional ability is severely impaired.

3. The ear is the most frequent spot of bacterial infecticn for
divers. Special care should be taken to rinse the ears after exposure
to sea water.

4. PAny pain in the ear, or difficulty in clearing the ears and
sinuses, is cause for discontinuing all diving activities. If a diver
cannot clear his ears quickly and easily, he should not be permitted

to enter the water,

Vocal Protection

In an ocean system utilizing a mixed-gas breathing system
{(especially helium), speech comumication is difficult. The essential
difficulty is that the sound velocity in the medium has changed. The
production of speech involves the generaticn of fundamentals by the
vocal folds and resonances in the oral (first formants) and nasal
(second formants) cavity. Fricatives and sibilants are also generated
by passage of gas between the lips, teeth and/or various configurations
of the tongue. To a first order, helium gas shifts the rescnant fre-
quencies of oral and nasal cavity to a much higher value. This produces
a "Donald Duck" quality and makes the speech highly unintelligible.
Most devices (speech unscramblers) for vesting intelligibility operate
on the principle of dividing the produced speech into three parts of
the frequency spectrum, frequency-shifting the first and second formant

portions down to their more normal levels and then resynthesizing.
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Visual Protection

The usual measures of illumination are the lumen or the foot-

candle:
] lmen = 1.5 x 107> watt
1 foot—candle = 1 lumen/square foot

Tn general living areas, 40 foot-candles of illumination is ideal.
Reading and examinaticn areas usually require about 100 foot-candles
of illumination. Any exterior area +o be monitored by television will
require very intense illumination.

A system which will operate at the free surface will also require
some provision for night-vision adaptation. Standard naval practice is
the wearing of dark red glasses prior to standing a night watch.

In designing a system which utilizes free divers, the 1life-support
manager should realize:

1. Bacterial infections of the eyes are a common problem with
divers, and medication should be readily available.

2. Any area near the bottom will usually become clouded with silt
after moderate diver activity, and visual commmication is greatly
impaired.

Physiological Monitoring

The life-support subsystem should maintain the capability of
monitoring certain physiological functions:

1. Particular attention should be placed on the calcium salts,
sugar, and alpumin (through urine analysis) to check the dietary and

environmental balance.
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2. Blood clotting rate should be checked.
3. Psychomotor response, headaches, and drowsiness should be

checked as indicators of toxic substances in the breathing mixture.

Psychologically Adequate Environment

The psychological environment in which the operators of a sea
system will find themselves is of vital importance in determining the
effectiveness of the system. It is not enough that the systems manager
merely allow adequate living space for each crew menber and, while a
value of 1000 cubic feet per man is considered a reasonable living
space allocation and while the U.S. Navy currently recommends 100
square feet per man sleeping space, such allocations and requirements
are by no means indicative of a successful psychological environment.
The provision of many other factors of the environment, such as recrea-
tion, environmental stimilation, reproduction of familiar stimuli,
regulation of sleeping and working cycles, and personality interactions,
are equally vital in this subsystem consideration.

Roughly speaking, a differentiation in psychological environment
can be made between systems which have a crew size in excess of 40 people
and those which have a crew size less than 40 people. In the larger
group, provided that access and mobility is allowable and maintainable
in the larger size group, then the ability of individuals to relieve
psychological stresses and strains which result from personality con-
flicts 1is sufficiently large that less attention need be paid in such
environments to personality compatibilities. When the group is less

than 40, however, then the ability to "move the oddball around" is
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greatly constrained and, if there is a series of operations in eXcess

of a week to 10 days, extremely stressful relationships can build up
which affect not only the cperability of the system, but which can, in
fact, result in actual human conflict. It is important for small groups
that a psychological evaluation and crew competitional techniques be
provided as an essential part of the system. In layman's terminology .
ane should be particutarly careful to identify the following human traits:

a) The dogma level,

b) The need for achievement,

) The need for social affiliatiaon, and

d) The need to dominate.

It should be fairly cbvious that a crew which has substantial numbers
of individuals with high need to dominate and high dogma level is one
vhich is prone to conflict. It is thus cbvious, but nevertheless true,
that conflict will arise when there is a mixture of individuals with
high need to achieve and low need to achieve, or a mixture of individu-
als in which the rank structure and the need to dominate does not have
a correspondence.

In addition to personality, the system design must be very careful
not to introduce dangers as a result of learned respanses. In non-—ocean
systems, very classic examples of this failure are the high percentade
of accidents and fatalities which occur to American and Buropean pedes-
trians who are first initiated to British traffic systems as the .result
of their natural tendency to lock in the wrong direction when stepping
off the street curbing, and the similar high percentage of accidents to

residents of Great Britain when traveling in the United States or on the
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continent. In installations like the Sea Lab, such natural responses
as dipping the finger into a fluid to test its temperature, is at
atmospheric pressure always accompanied by some visual cue of a gas

or a fluid. Such visual cues are not present in saturated high-pressure
environments and this natural and normal human reaction becomes a very
dangerous one. On sea systems which are located at the free surface,
the pitching and heaving and rolling motions of the surface platform
wWill be such that many, many normal human responses with respect to
stowage of gear, with respect to placement of articles and utensils of
normal living become inappropriate and even dangerous, particularly

if items are left adrift during calm periods, and the awareness that
they are adrift does not take place until a fully-risen sea is encoumn-
tered. It is for these reasons that behavioral reviews of all man-
operated systems are required to ensure the avoidance of catastrophe

during actual operations.

Safety Certification

The safety certification of the overall system is the responsibility
of the system manager. However, safety considerations rest most heavily
on the life-support subsystem, and there the life-support subsystem
manager should be carefully monitoring the safety checkout of his sub-
system,

The author highly recommends that safety certification of a system
be conducted by an entirely independent (from any subsystem) certifica-
tion team. The safety inspection and certification should be a continu-
ous process, and should not be delayed to the construction {or even

worse, the testing) phases of system evolution. Safety considerations
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begin to enter the picture as early as the determination of the mission
profile, and carry through all the design work.

The 1ife-support manager should also bear in mind that the over-—
all system manager probably will (and definitely should) retain the
right to waive safety certification at any time and assume the respon-
sibility himself. Many systems have suffered huge delays due to a snag
in the certification process, which could have been corrected without

interrupting the system design, construction, or operation.
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CASE STUDY: LIFE SUPPORT

The following case study of a "pollution contrnol system,” was
defected as an excellent example of the proper management of the Life-
support subsystem. The system contains all the problems assocdiated
with a submenged, manned system, with the added comstraint that the
sysiem cannot contaminate to the slightest degnree the swrnrounding
marine ecology. The author, Ronald C. Gularte, submitted the report
while participating in the M.1.T.-Woods Hole Oceancgraphic Institution
Jodint Graduate Degree Program in Ocean Engineening. Mr. Gularte
necedlved the Bachelor of Science and Masten of Science deghrees in
Mechanical Engineering grom the University of Southen Califonnia, and

has had extensive engineening experience with ofdshone oil platforms .
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THE ESTAELISHMENT OF TOLERANCE LEVELS
AND FORFCASTING PROCEDURES FOR THE INFLUX
OF POLILUTANTS ONTO THE CONTINENTAL SHELF AREAS
ADJACEINT TO THE MAJOR RIVERS OF NORTH AMERICA

by

Fronald C. Gularte

Subjective Human Purpose

The determination of the seasonal as well as long-term effect
of the influx of polluted water into the continental shelf areas
adijacent to the mouths of the great rivers of North America.

The purpose of the mission is to establish tolerance level for
pollutants and develop a forecasting procedure to avert catastrophic
losses to plant and animal life on the continental shelves as well as

to control the amount of pollution that flows from the mainland.
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MISSION ANATYSIS

Information to be Obtained and Objects to be Collected

1)

2}

3

Chemical Camposition of Water

a)
b)
c)
d)

e)

Pesticides, fertilizers and industrial wastes

PH
Dissolved gases
Oxidation - reduction potential

Inorganic agents

Biological Interrelations

a)

Natural association of organisms
Nutritional relationships
Organic matter

Bacterial distribution

Physical Properties

a) Temperature, salinity and density
b} Thermal properties

¢) Diffusivity

d} BAbsorption of radiation

e) Viscosity

Sedimentation

a) Suspended organic and inorganic matter
b) Erosion

¢) Bottom transport phenomena

d) Deposition rates

€) Bottom and core samples
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Location

The continental shelf adjacent to the following rivers:

1) Mississippi (Gulf of Mexico)*

2) St. Lawrence (Atlantic Ocean)*

3) Colorado (Gulf of California)**

4} Colunbia (Pacific Ocean}t
Tt should be noted that, as ocean pcllution becaomes of greater concern,
other rivers, such as the Ganges (Bay of Bengal), the Indus (Arabian
Sea), and the Nile {(Mediterranean Sea), also become likely candidates

for the mission.

Constraints on Measurements

The data must be taken with as little disturbance to the natural
environment as possible.

The specimens that are to be retrieved mist be preserved in their
natural state until they can be examined conclusively or test-performed.
[Beware Process Fluids]

The parameters are to be measured within present state-of-the-art
techniques with the precision and accuracy defined at the subsystem or

carpcnent interface.

*These rivers are of particular interest in that they contain pesti-
cides, fertilizers, and industrial wastes.

**The Colorado has little industrial waste, but a considerable amount
of agricultural waste. The flow is also regulated through a large
irrigational system for California and Arizona.

+The pollution in this area is inextricably comnected to the lumber
industry.
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Obstacles to Measuraments

The mission requires that measurements be conducted on a yearly
bagis and therefore the system mist operate in all sea states.,
Precautions are to be taken to ensure that as little risk as

possible is taken with respect to enviromment and predators.

Time Limits on Collection of Data

The purpose of the mission is to provide year-round information

on pollution and therefore data will be collected continuously.

Quantity of Processing

The information that is gathered on pollution will be of a magni-

tude which will reguire computerization.
The quantity (muber of monitoring locations) will determine the

accuracy of the computerized forecasting procedurs.

Time Limit on Processing

The data must be correlated, processed, and predictions made with

sufficient lead time so that corrective measures can be taken.

Reliability and Confidence Level

The overall system is to have an B0% reliability with a 90% confid-

ence level.
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MTSSION PROFILE

Operational Phase

Data Gathering (six months)

(The stations are in place on the continental shelf and data
channels are operational.)

- Fach crew arrives at its particular site (30 men to each site).
- Final briefing.

- Crew transported to habitat.

- Excursion vehicle made operational (batteries charged, life-
support system activated, etc.).

- The first three men of the first crew depart gathering data
and performing test in preassigned area, an approximately
four-hour excursion.

- First crew returns.

- Specimens and data removed from excursion vehicle.

- Second crew readies excursion vehicle.

- First crew examines, identifies and preserves specimens.

- Data and appropriate specimens transferred to ambient laboratory
for further investigation.

— The first shift of the second crew is briefed and departs.
- The first crew has approximately 12 hours to rest and relax.

- The second crew returns, examines, tags and preserves the
specimens collected.

- The excursion vehicle is readied for the second shift of the
first crew.

- Upon returning the second shift of the second crew departs.
- When they return both crews undergo decompression.

(By this operation a total of 12 hours of immersion time (for collecting
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data and performing tests) in 48 hours of saturated diving time. Each
diver is wet only four hours during this 48-hour pericd. Initially,
24 hours of testing and data-gathering will be needed.)

Data Processing (two months)

- The data will be preprocessed in the ambient laboratory
(observations digitized, etc.).

- The data is then telemetered to a centralized computer center.

Field data from locations along rivers near large cities.

- The data is analyzed at centralized camputer center.

Pollution forecasting is performed.

Until desired accuracy is obtained, further tests will be required.
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PLATFORM CQONFIGURATION

Provision shall be made for living and working space for the
follawing mumber of men and combinations of laboratories:

1) An atmospheric pressure laboratory for 30 men;

2) A decarpression-recaompression laboratory with a 15-man capa-

city, and

3) A dry saturation laboratory for 15 men and an excursion

vehicle.
The design depth shall be 1,000 feet of sea water. A minimm free—
flooding volume of 1,000 ¢ubic feet per man shall be provided through-
out the platform.

Hull penetrations shall be provided for the transfer of men from
the atmospheric to the decompression-recarpression laboratory. (Hatch
diameter a minimum of 48 inches in diameter.) Also transfer chanbers
will be provided of sufficient capacity to handle a cubic container two
feet on each side. This capability shall be provided between the atmo-
spheric laboratory and both the decompression-recompression laboratory
and the ambient dry laboratory. A viewing port shall be provided be~
tween the atmospheric and the saturated laboratory.

The decompression-recompressicn laboratory shall have acoess to
men in both the atmospheric and saturated laboratories. It shall be
provided with living and working space sO the useful work can be per-
formed nder lengthy deconpression or during recompression.

The dry saturated laboratory shall provide living and working
gpace for the crew as well as a bay for the excursion vehicle., 2n ele~
vator is to be provided to raise the excursion vehicle into the ambient

laboratory.
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Provision shall be made for both the atmospheric and the decan
pression-recompression to mate with the DSRV. Also, a hatch shall be
provided on the anbient laboratory for mating with a saturated diving
capsule which can also be used to effect a rescue. A docking platform
will also be provided to allow the submersible tender to mate with the
atmospheric laboratory for the purposes of resupply.

The platform shall be designed to gain bucyancy during descent,
providing inherent safety and requiring less operator control during
descent. Also, the platform must be hydrostatically, as well as hydro-
dynamically, stable.

The bottom support structure must be capable of attaching to slope
of w to 15 degrees. This structure is to be fastened to the shelf or
anchored by some means. The design shall allow for the separation of
the support structure from the platform and the raising of the latter
to the surface for maintenance. Upon conclusion of maintenance and
refitting, some means shall be provided to return the platform to the

bottom support structure.

Life Support Requirements and Constraints

Requirements
1. Provide up to 30 men with an essentially self-contained environ-

ment for an extended period of time {essentially in perpetuity).
2. Provide an atmospheric, transition, and ambient-pressure life
support for depths up to 1000 feet.
3. Emergency life support for five days.
4. Logistic suwpert on 30-day intervals.

5. Will use approximately 70 kw of power continuously.
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Constraints
1. Safety is paramount.
2. Hull penetrations allow gas out, water and heat both in and
out. Sewage only into sewage system.
3. Smoking allowed.
4, Allow up to five years for equipment development.
5. Provide an ecological system that is physiologically as well

as psychologically adequate.

Li fe-Support Subsystems*

1. Atmospheric control

2, Comfort control

3. Water management

4. Food management

5. Waste control

6. Environmental monitoring and emergency equipment

[Note that the sewage system {s to be trneated as a separate subsystem.]

Three Life-Support Modes

1. Laboratory at atmospheric pressure
2. Decompression-recompression laboratory

3. Lockout-anbient pressure laboratory (includes excursion vehicle)

Environmental Monitoring and Emergency Equipment

The equipment to be monitored depends on the subsystems selected

for the particular life-support system.

*Nonexpendable, except for food and backup (emergency).
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The following list under the heading "Environmental Monitoring”
illustrates the parameters to be monitored for the life as well as the

emergency support system.

Environmental Monitoring

1. Oxygen analyzer®

2. {0, analyzer*

2
3. Hydrogen analyzer* < 3%
4. Humidity

5. Temperature (internal)

6. Ventilation (circulation blowers)
7. Internal pressure

8. Potable water level

9. Holding tank level
10. Absolute filter blower

11. Catalytic burmer blower

12. Activated charcoal blower

13. Water electrolysis monitor

14. Emergency powelr monitor
15. Sea temperature

16. Sea pressure

17. Clock

18. MNoise lewvel (in variocus areas)
19, Vibration levels

20. Radiation

2l. Television monitor

22. Emergency cammmication (body condition)

23. Fire sensors

The emergency life-support system was selected on the basis of
minimem maintenance, power, cost, and volume.

It is a complete entity and is to be completely divorced from the

main life-support system,

*Continuously monitored.
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Tt should include open and closed-circuit emergency breathing

apparatus, also firefighting equipment.

Life-Support Perscnnel Breakdown

Medical doctor
Physioclogists
Engineers specializing in gas analysis and monitoring

Specialists in charge of gas mi Xing

(S-SR C R

Specialists responsible for the decampression program (Work
12+-hour shifts)

3 Teams of three divers each (one in excursion vehicle, two
gathering specimens of performing tests)
1 Cock and general purpose

11  Scientists and engineers (maintenance, electrical and
instrumentation people included here)

30 10OTAL

Selection Criteria in Order of Tmportance

1. Minimum cost *

2. State of the art <2 kX
3. Safety <2

4, Teliability <2

5. Trace contaminants *

6. DMNoise <2

7. Electrical interference <2

8, Minimum volume *

9, Minimum weight *

10. Minimum power *

(The folfowing chants (LLustrate a very thorough analysis of boxh the
quantitative and qualitative characteristics of the alternative
desdigns cpen to the Life-suppond mandges. ]

*Quantitative criteria
**Cnalitative criteria:

acceptable = 1
usable = 2
marginal - not acceptable at this time = 3
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QUALITATYIVE ANALYSIS

Methcd S.0.A. Bafety Reliagbility Trace Noise Electrical
Oxygen Supply System (Regenerable)

Water

electrolysis 1 2 2 Hy 1 1

CJO2 Removal System (Regenerable)

MEA 1 1 2 MEA 2 1
Alkali oxades 3 1 2 None 2 1
Solid amine 3 1 2 Clycol 2 1
Molecular sieves 2 1 2 None 2 1

0~ freezing 3 1 2 None 2 1

Combined Single-Step O, Supply - O, Removal System

Sodium sulfate

cycle 3 2 3 Ho 2 1
Flectrodialysis 3 2 3 Hy 2 2
Photosynthetic
gas exchange 3 2 3 None 1 1
Solid electrolyte 3 2 2 0 1 1
Molten carbonate 3 2 2 None 1 1
032 with H2 to Produce H2O
Bosch 3 2 2 Hp 1 1
CHy
(8.0)
Sabatier 3 2 2 Hp 1 1
CHy
1 = acceptable
2 = usable
3 = not acceptable at this time
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QURLITATIVE ANALYSIS

Method 5.0.A. Safety Reliability Trace Noise Electrical
Atmospheric Contrel System

H,0 electrolysis B

& molecular sieves 2 2 2 y 2 1
HO electreolysis MEA
& MEA 1 2 2 Hy 2 1

B0 electrolysis

& alkali oxides 3 2 2 Ho 2 1
Solid electrolyte 3 2 2 (a6 1 1
Bosch 3 2 2 Ho CHy 1 1
- - o 0
Trace Contaminant Control
Activated
charcoal 1 1 1 None 2 1
Mhsolute filter 1 1 1 2 1
Electrostatic
precipitator 2 2 1 Ozone 2 3
Catalytic HF fram
burner 2 2 1 freon 2 2
Temperature, Humidity, and Ventilation Centrol
Vapor conp.
cooling 1 1 1 Freon 12 2-3 2
Farced alr convec—
tion cooling 2 1 1 None 2 2
Thermoelectric
cooling 3 1 1 Ncne 2 2
1 = acceptable
2 = usable

3 = not acceptable at this time
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CUALTITATIVE ANALYSIS

Method S.0.A. Safety Reliability Trace Noise Electrical
Water Management

Stored 1 1 1 None None None

Sea water still 1 2 1-2 None 1 2

Wash & condensate
water recovered

by filtration 22 1-2 None 1 2
Food System
Fresh and camned 1 1 2 Odors, 1 1
Heat
Frozen 1 1 2 Odors, 1 1
Heat
Freeze-Dried 2 1 1 None None None
Dehydrated =~~~ 2 1 1 None None Nore
Waste Management
Manual collection,
chemical treatment,
storage 1 2 1 Odors  None Nene
Collection &
freezing 2 2 2 QOdors 1 1
Holding tank 1 1 1 Odors None None
Discharge
overboard 2 2 2 Odors 2 2
1 = acceptable
2 = usable
3 = not acceptable at this time
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QUANTITATIVE ANALYSIS

Method Weight (1b) Volume {£t3) Power (KW} Cost ($)
Oxygen Supply System {Regenerable)

Water Electrolysis 5,000 50 15 100,000
C'02 Removal Systemns (Regenerable)

Monoe thanolamine |

scrubber 1,700 60 8 35,000

Molecular sieves 600 55 2 50,000
Magnesium oxide

Silver oxide 450 55 2 45,000
Solid amine 1,200 55 2 150,000

CD2 freezing 350 65 2 85,000
Carbined Single—5tep O2 Supply - C02 Removal System

Sodium sultate

cycle 650 150 20 65,000
Electrodialysis 3,000 50 30 300,000
Photosynthetic

gas exchanger 6,700 200 120 700,000
Solid

electrolyte 300 100 17 160,000

Molten carbonate 1,800 60 12 300,000

Closed Cycle 02 Supply -~ CO, Removal*

Bosch 6,000 150 20 325,000
Sabatier 8,000 150 20 525